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PREFACE 


The discovery and systematic formulation of quantum mechanics 
have opened up the possibility of understanding the microstructure of 
matter. The years that followed the formulation of the basic laws of 
atomic physics have brought the explanation of the known regularities 
of spectroscopy, chemical-bond formation and metallic conductivity, to 
mention only some of the more important examples. Even in fields as 
new and remote as nuclear physics and stellar structure, quantum 
theory proved to be the prerequisite to progress and understanding. 

The purpose of this book is to acquaint the reader with the scope of 
the phenomena that can be explained with the help of quantum me- 
chanics. We have tried to accomplish this with a minimum use of 
mathematics. Not even the Schroedinger equation was permitted to 
enter the following pages. Nor did we try to reproduce the important 
and beautiful discussions which revolve about the meaning of such 
words as causality and probability or particles and waves. We have 
instead emphasized the qualitative and the practical consequences of 
atomic theory. If in this way we lose in rigor and in depth, we at least 
can offer a broad informal review which will be useful to the chemist 
and may serve the physicist as a summary of topics which used to be in 
the forefront of his discipline only one or two decades ago. 

The bulk of this book was written before the summer of 1941. The 
completion of the manuscript has been greatly delayed by the following 
troubled years which have given the adjective “atomic” a completely 
new meaning. It is significant that the spectacular accomplishments 
of these years produced no change in the basic theory or in the impor- 
tant applications described in the following pages. Quantum theory 
and its application to the structure of matter enabled scientists to 
construct the atomic bomb and to predict its behavior. This develop- 
ment is not essentially different from the applications of Maxwellian 
theory in electrical engineering or from the development of internal- 
combustion engines on the basis of thermodynamics. In no case did 
these practical applications introduce a major change in the fundamen- 
tal scientific concepts. 

In the last year physics is taking a new turn. The latest discoveries 
in the field of cosmic rays and artificially produced high energy particles 
will carry us far beyond the investigation of what we usually call mat- 
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ter. To a future physicist the contents of this book may look as com- 
monplace as the simplest facts of Newtonian mechanics seem to us 
now. We hope, however, that the main points will not appear obsolete 
to him. 

The purpose of this book is to serve as an introduction and not as a 
work of reference. We have not quoted the original literature and have 
used names of scientists only where these names had been justly or un- 
justly attached to a well-known method or concept. 

We are indebted to Dr. John A. H. DuflBe for help in reading the man- 
uscript, to Dr. Virginia Griffing, Dr. Lawrence B. Robinson, and Ben- 
jamin Sussholz for reviewing the proof, and to Dr. C. Beck for preparing 
Figure 1 1 . 1 1 (2) . We also wish to acknowledge permission received from 
the Office of Alien Property under license JA-1217 to publish Figures 
8.4(2), 8.5(2), 8.7(2), 8.8(1), 8.10(1), and 8.10(2), all of which are taken 
from Strukturbericht, published by Akademische Verlagsgesellschaft, 
Leipzig. Finally, we wish to thank the Very Reverend James Marshall 
Campbell, professor of Greek in the Catholic University, without whose 
help this book could not have been ended. 

Francis Owen Rice 
Edward Teller 
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1 . INTRODUCTION 


1.1 USE OF MATHEMATICS At present, atomic physical theory 
in principle enables us to calculate all of the chemical and most of the 
physical properties of matter and thus makes the science of experimental 
chemistry superfluous. If, however, we consider things from an eco- 
nomic point of view, the human labor that must go into such calcula- 
tions is far greater than that which would be required to make the ex- 
perimental study. The situation at present is this: To calculate the 
properties of the hydrogen atom is quite easy, in fact, much easier than 
to investigate the hydrogen atom experimentally. For the hydrogen- 
molecule and the helium atom, the theoretical attack becomes more 
difficult and is perhaps about as difficult as the experiments; for atoms 
and molecules containing more than two electrons, exact calculations 
become so rapidly more and more difficult with increasing numbers of 
electrons that we cannot hope that the mathematical problems involved 
will ever be rigorously solved for more than a few, if any, examples. 

Of course, semiempirical calculations may prove to be useful, but as 
a general rule we feel that, since such calculations are from a mathe- 
matical point of view rather unsatisfactory, it is best if they contain a 
high percentage of empiricism and a low percentage of calculation. 
Thus we must be satisfied with a roughly approximate treatment which 
serves as a series of pictures that go along with experimental science, 
and it would be too much to say that they serve even as a guide. 

In the following pages we summarize those conclusions of atomic 
theory which are frequently used in quantum chemistry; no detailed 
proofs, either experimental or mathematical, are given, but only the 
general arguments are indicated. 

1.2 NUCLEAR ATOM The fact that matter is practically trans- 
parent if bombarded with alpha particles led Rutherford to his nuclear 
atom; this model has since been substantiated in all its main features. 

According to Rutherford’s model, an atom consists of a nucleus and 
one or more electrons. The nucleus carries most of the mass of the 
atom; it is positively charged, its charge being a multiple of the quan- 
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turn of charge, 4.80 X E.S.U.* Nuclei of different atomic species 
carry different charges; nuclei of isotopes have the same charge but 
differ in their mass. The radius of the nuclei is of the order of cm. ; 
that is, it is 10,000 times smaller than the average atomic radius. 

In contrast to the different kinds of nuclei, all electrons obtained from 
any atom or any other form of matter have identical basic properties. 
The mass of an electron is very small, 1/1840 times the mass of the 
hydrogen atom. The electron carries a negative charge of the magnitude 
of the quantum of electricity, 4.80 X 10“^® E.S.U. The number of elec- 
trons in an atom is characteristic of the atomic species and is equal to 
the number of positive charges carried by the nucleus, so that the atom 
is electrically neutral. Even a slight variation of this electrical balance 
in the atom would give rise to noticeable macroscopic electrical effects, 
and we therefore know that this electrical balance — and probably also 
the values of the individual electrical charges — must be maintained 
with extremely high accuracy. 

The intrinsic size and even the meaning of the radius of an electron 
are still much under debate; a value frequently given is 2.8 X cm. 

It is certain, however, that for the purpose of chemical processes we can 
treat both the electrons and the nuclei as mathematical points. 

1.3 QUANTUM THEORY In the early atomic picture of Ruther- 
ford, the electrons were supposed to rotate around the nucleus in a way 
analogous to the motion of the planets around the sun. This picture 
has now been abandoned, because it led to two difficulties. The first 
arose from the fact that the electrons rotating around the nucleus would 
continuously emit electromagnetic waves (either ultraviolet light or 
X rays) and would thus lose energy, finally falling into the nucleus. The 
other arose from the fact that equipartition of kinetic energy among all 
degrees of freedom of a mechanical system would require that the elec- 
trons contribute to the observed specific heats, which, for instance for 
a monatomic gas, is evidently not the case. 

These difficulties led to the formulation of the quantum theory. The 
first step toward the new theory of atomic structure was made by Bohr, 
who postulated that atoms exist in stable states with definite energy. 
Transitions between these states may occur, accompanied by emission 
or absorption of light, the frequency of radiation being connected 
with the energy difference between the two states by the relation 
— J &2 ~ hv* Here A is a universal constant whose magnitude is 
6.626 X 10“^^ g.-cm.^-sec.“^ It was introduced into physics by Planck 


* Electrostatic units. 



QUANTUM MECHANICS 


3 


in 1900 in the course of a study of the laws of black-body radiation, or, 
as we may say, in connection with the specific heat of a vacuum. 

One immediate verification of Bohr’s postulate is the sharpness of 
spectral lines emitted or absorbed by atoms, corresponding to the 
sharply defined energy values which atoms possess. 

The lowest state of any atom is called the fundamental state; all 
others are excited states. Excitation — that is, a transition to an excited 
state — may occur through a violent impact, as well as through absorp- 
tion of light of appropriate frequency. As a rule, the energy difference 
between the fundamental state and the lowest or first excited state of 
an atom is about 100 times greater than the temperature energy kT^ so 
that in temperature equilibrium one atom in every or 10^^ will be 
excited; thus the electronic contribution to specific heat is negligible. 
For a very large class of phenomena, we shall be dealing with atoms in 
the fundamental state. 

1.4 QUANTUM MECHANICS The postulates of Bohr and the 
empirical laws of spectroscopy and atomic physics were finally, ab6ut 
1926, welded (de Broglie, Heisenberg, Schroedinger, and Dirac) into a 
finished discipline called quantum mechanics. The most striking 
demonstration of quantum mechanics is the electron-interference experi- 
ment first performed by Davisson and Germer. Electrons deflected 
from crystals give rise to interference patterns similar to those obtained 
in X-ray crystal analysis; this indicates that electrons — like X rays — 
must have wave properties. However, it is impossible to relinquish the 
idea that electrons are particles. 

Interference experiments have also been performed using protons, 
that is, nuclei of hydrogen atoms, helium atoms, and hydrogen mole- 
cules. There is no doubt that only practical difficulties prevent us from 
demonstrating the wave nature of bigger particles. It becomes neces- 
sary to reconcile the particle and the wave picture as describing one 
and the same thing. This is done by quantum mechanics. 

According to quantum mechanics, an electron is described by a func- 
tion called the wave function which is capable of having both positive 
and negative values (sometimes even complex values must be intro- 
duced) ; the square of the absolute value of the wave function integrated 
over a certain part of space gives the probability of finding the electron 
within that part of space. The wave function of a free electron moving 
with a definite momentum p is a simple sine or cosine function (or, more 
accurately, The wavelength X and the momentum are con- 

nected by de Broglie’s relation p = h/\ where h is Planck’s constant. 
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The momentum is perpendicular to the wave front; we see that a small 
wavelength corresponds to a great value of the momentum. 

An electron inside an atom will be described by a wave function, the 
square of which at a definite point is proportional to the probability of 
finding the electron at that point. Thus the original picture of electron 
orbits within the atom is replaced by a more uniform structure in space 
which can be considered as filling the whole atomic volume, in spite of 
the fact that the electron, when considered as a particle, is small com- 
pared with the atom. 

1.5 UNCERTAINTY PRINCIPLE We have seen that by use of the 
wave function describing an atom we can make statements about the 
probability of the positions of an electron. It is also possible to fix the 
position with any desired accuracy. The electron would actually have 
a sharply defined position after a measurement had been carried out 
designed to find the position. But such a state will not correspond to 
the lowest or fundamental state of the atom. Even if we start from 
the fundamental state and carry out a determination of the position of 
the electron, the measurement itself will perturb the system to be meas- 
ured, and at the end of the experiment we will have an electron with a 
definite position but with an energy much greater than that of the 
fundamental state. 

In general, any physical quantity such as position, momentum, or 
energy can be measured according to quantum mechanics with an 
arbitrary accuracy, but, when one such quantity has been measured, 
frequently only probability statements can be made about the simul- 
taneous magnitude of another quantity. This is the essential content 
of the uncertainty principle. The uncertainty principle is not due to 
an incompleteness of the theory; in fact, interference experiments show 
that an electron is not a particle, but a wave; scintillation or Wilson 
chamber experiments show that the electron is not a wave, but a parti- 
cle; this direct contradiction can be avoided only if it is supposed that 
the physical quantities involved cannot all be measured simultaneously 
with an arbitrary accuracy, but an uncertainty exists which prevents us 
from following the processes into their minute details. 

The method of quantum mechanics is to use both particle and wave 
pictures in describing one and the same physical entity, for example 
the electron; to limit the applicability of these pictures with the help of 
the uncertainty principle; and to correlate by probability statements 
the results of mathematical theory with experiment. The relation be- 
tween particle picture and wave picture, both necessary in some cases 
yet mutually exclusive, is called complementarity. 
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The simplest formulation of the uncertainty principle is as follows: 
if the X co-ordinate of a particle is measured with an accuracy AXj and 
if the X component of the momentum of this particle px is measured at 
the same time with an accuracy then the product of these two 
uncertainties cannot be smaller than h/2Tr, We cannot localize an elec- 
tron without giving to it, with a certain probability, a rather high 
momentum. This can be seen in a qualitative way. If an electron is 
localized and if, therefore, its wave function becomes zero outside of a 
small region, its properties will become analogous to those of a wave of 
short wavelength, and therefore, according to de Broglie's relation 
p == h/\ a high momentum will be obtained. 

1.6 CORRESPONDENCE PRINCIPLE It is undoubtedly true 
that no theory can provide us with exact information simultaneously 
about all the quantities of classical physics, since that would lead us 
into the wave-particle contradiction. One may be tempted, however, 
to discard both the wave and the particle picture and try to construct 
an atomic theory which permits exact determination of all quantities 
appearing in it. Such a plan would be all the more hopeful of attain- 
ment since the mathematical apparatus of quantum mechanics is com- 
plete and, of course, free from contradictions. However, an atomic 
theory of this nature would start from concepts having no immediate 
equivalent in our everyday experience; it would seem that in trying to 
explain the meaning of such an abstract theory one would run into all 
the diflSculties avoided by formulating it. In addition, such a repre- 
sentation would fail to emphasize properly an important part of quan- 
tum mechanics, the correspondence principle. This principle states 
that for certain limiting cases the laws of quantum theory converge 
toward and finally become identical with the laws of classical mechanics. 

In a loose way, this principle may be stated by saying that classical 
laws will be approached for the limiting case of high quantum numbers. 
A more rigorous formulation can be obtained in the following way. As 
a general rule, quantum transitions take place between states with dif- 
ferent physical properties. This constitutes a difference between classi- 
cal and quantum theory, since a transition in quantum theory corre- 
sponds to a process in classical theory, and a process in classical theory 
is connected with one definite set and not with two sets of physical 
conditions. Now, if we are in a region in which, for all transitions 
occurring with a considerable probability, the per cent change of physi- 
cal properties between the initial and final states is small, the laws of 
quantum mechanics approach, according to the correspondence princi- 
ple, the laws of classical mechanics. 
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For the limiting case thus obtained the quantum and classical laws 
must show a one-to-one correspondence; hence the name correspondence 
principle. Historically, this principle was postulated by Bohr, and used 
by him most successfully to obtain the quantum laws for the high- 
quantum number region and to extrapolate them into the low-quantum 
number region. 

Even now, though the quantum laws are represented by a finished 
formalism, the correspondence principle may be used to understand 
and visualize the laws that otherwise appear to be a mere set of formal 
statements. Any attempt to divorce quantum theory from the classical 
picture of particles and waves would destroy the significance of the 
correspondence principle and thus lead us into a field where one is not 
allowed to use the words in which our everyday thinking and experience 
is expressed. We do not believe that a theory is possible which in its 
final analysis is not based on these words and, therefore, on classical 
physics and common sense. 



2 . THE HYDROGEN ATOM 


2.1 THE FUNDAMENTAL STATE One immediate use to which 
we may put the uncertainty principle is to estimate the binding energy 
of the electron in the hydrogen atom. The energy of the electron can 
be written 

= -®pot + i^kin = h ^ 2.1(1) 

r 2m 


where e is the charge on the proton, r is the distance of the electron from 
the proton, p is the momentum of the electron, and m is its mass. Evi- 
dently, the lowest total energy will be obtained if we substitute for both 
r and p as small values as possible; according to the uncertainty relation, 
however, one has ArAp /i/27r, and of course the average values of the 
distance from the nucleus f and the magnitude of the momentum p 
cannot be smaller than Ar and Ap, respectively. Therefore, we have for 
the smallest possible average value, f X p ^ h/2Tr, Eliminating p and 
substituting in the expression for the energy, we have 



STT^mf^ 


2 . 1 ( 2 ) 


If we differentiate the right-hand side, we obtain an expression which 
vanishes at a value of f = fmm for which E assumes its minimum. 




and we obtain 


^min ~ . 9 9 

4tT: me^ 

2'K^me^ 


= 0.53 X 10“® cm. = 0.53 A. 


Ernin — 




= — 13.5 electron volts 


2.1(3) 


2.1(4) 


The latter value agrees with the ionization energy of the hydrogen atom. 

7 
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The actual wave function or proper function of the fundamental 
state of the hydrogen atom is given by 

_ r 

^ ^ Ce ^“1° 2.1(5) 


where f^in is the quantity defined in equation 2.1(3), and the constant 
C, called the normalization factor, must be adjusted in such a manner 
that the integral of over the whole of space is equal to unity. This 
must be so since do) is the probability of finding the electron within 

the volume element dw, and J do? integrated over the whole space 

signifies the probability that the electron is anywhere in space. It 
may also be seen that gives a measure of the extension of the wave 
function around the nucleus. 

It will be noticed that the wave function for the fundamental state of 
the hydrogen atom depends only on the distance between the electron 
and the nucleus — -that is, the hydrogen atom in its fundamental state is 
spherically symmetrical; such spherically symmetrical wave functions 
are called s functions, and for such cases it is said that an electron is in 
an s state; s functions have a considerable importance in chemical 
physics. The wave function of an electron in the state of lowest energy 
is always an s function; it is frequently denoted by the symbol (Is). 


2.2 FIRST EXCITED STATE The energy of the first excited state 
of the hydrogen atom is 


1 2Tr^nie^ 

4 


2 . 2 ( 1 ) 


that is, one quarter of the energy of the fundamental state. Four dif- 
ferent wave functions belong to this energy. In other words, we have 
in reality four states of the hydrogen atom which happen to have the 
same energy. The four wave functions are 


xe 



2 . 2 ( 2 ) 


Here x, and z are the x, y, and z components of the vector drawn from 
the nucleus to the electron. These four wave functions should be mul- 
tiplied by normalization factors, making the integral of the square equal 
to unity. ^ We shall refer to the functions 2.2(2) occasionally as (2a:), 
(2y), (2z), and (2s), the last function being spherically symmetrical and 
therefore an s function. 
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2.3 DEGENERATE STATES. SUPERPOSITION OF WAVE 
FUNCTIONS If more than one wave function belongs to one energy, 
we talk about a degenerate state, and each of the wave functions is 
called degenerate. According to one of the fundamental rules of quan- 
tum mechanics any number of new wave functions can be constructed 
with the help of a set of degenerate functions. In fact, we may multiply 
the wave functions by arbitrary constants and add them, and a new 
correct wave function is obtained.* One may also say that the wave 
functions have been superposed with arbitrary amplitudes. It must be 
kept in mind, however, that, for the kind of wave functions with which 
we are dealing here, superposition is permissible only if the wave func- 
tions belong to states of equal energy. 

It is of interest to perform this superposition for one special case. 
Let us suppose that we have a direction in space which includes the 
angles a, /3, 7, with the three co-ordinates used in equation 2.2(2), and 
let us call the co-ordinate measured along this new direction J. We 
now multiply the first three functions of 2.2(2) by cos a, cos/S, cos 7, 
respectively, add, and obtain 

r r 

{x COS a + 2/ COS + 2 : COS 7 )e == ^ e 2.3(1) 

This removes one objection which could have been raised against the 
original wave functions which we have given for the first excited state. 
There it seemed that preference had been given to the x, and z co- 
ordinates, a preference about which nature must be ignorant. We now 
see that by superposition a new function can be obtained in which the 
co-ordinate measured along an arbitrary direction has the same sig- 
nificance as the original x^ y, or z co-ordinates. It may appear unjus- 
tified at this stage that we have given four wave functions for the first 
excited state of hydrogen, while an indefinite number exist. This in- 
definite number can, however, be obtained from the original four with 
the help of superposition, whereas these four functions are independent, 
since none of them can be written as a superposition of the other three. 
We say, therefore, that the first excited state of hydrogen is fourfold 
degenerate. 

2.4 ORTHOGONALITY If we have a set of degenerate functions, 
it will be a question of practical importance to find out whether they are 
independent of each other, or whether one of them can be obtained from 

* This new function should be multiplied by an appropriate normalization con- 
stant in order to make the integral of its square equal to unity. The procedure of 
normalization may, however, be omitted if one is not interested in the absolute 
values of the probabilities of finding electrons in different volume elements. 
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the others by superposition. The criterion frequently used to verify 
the independence of the functions is called orthogonality. Two func- 
tions and are called orthogonal if they satisfy the relation,* 

J do) = 0 2.4(1) 

where the integration is extended over the whole of space. It can be 
shown that a set of wave functions is independent if they are all mutu- 
ally orthogonal. The four wave functions, 2.2(2), have actually been 
chosen so as to fulfill this requirement. The concept of orthogonality 
gains in importance particularly since quantum mechanics shows that 
two wave functions belonging to two states of different energies are 
always orthogonal; thus it can be verified that any of the four wave 
functions of the first excited state, when multiplied by the wave func- 
tion of the normal state and integrated, gives zero. This fact can be 
utilized to get roughly qualitative information about proper functions, 
even where the mathematical problem of calculating them is practically 
insoluble. 

2.5 NECESSARY AND ACCIDENTAL DEGENERACY The 
four proper functions belonging to the first excited state of the hydrogen 
atom may be subdivided into two groups: (2a:), (2y)y and (2z) belong to 
the first group, and (2^) belongs to the second group. The last proper 
function is spherically symmetrical just as is the proper function of the 
fundamental state. 

The three proper functions of the first group on the other hand are 
not spherically symmetrical; if rotations are performed, they will not 
remain unchanged but will rather transform into superpositions of each 
other. It may be seen immediately for a rotation which brings the x axis 

_ r 

into the new position that the function xe will transform into 

_ r 

which, as has been shown, is a superposition of the three func- 
tions of the first group. Evidently wave functions which differ from 
each other by a mere rotation cannot differ in the energy belonging to 
them. Therefore, the degeneracy of these three states will be called 
necessary, arising as it does from the spherical symmetry of our prob- 
lem. The degeneracy between the wave functions of the first group 
(that is, (2a:), (2y), and (2^)) and the wave function of the second group, 
(2s), is on the other hand called an accidental degeneracy since no rota- 

*For complex functions the orthogonality relation is — 0 where 

is the conjugate complex of 
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tion or symmetry operation can be devised which transforms the first 
kind of wave function into the second. 

Accidental degeneracy is a misnomer to the extent that there is a very 
good reason for that degeneracy in the mathematical properties of the 
coulomb potential acting between the electron and the nucleus. The 
word accidental simply signifies that the degeneracy is not a conse- 
quence of the symmetry of our problem. The difference between the 
two kinds of degeneracy may become clear if we modify the force acting 
between the electron and the nucleus as far as its dependence on the dis- 
tance is concerned while still assuming that the forces are radial and 
spherically symmetrical. Then the degeneracy of the three proper 
functions of the first group would be maintained while the s function 
of the second group would now have an energy different from that of 
the other three. 

2.6 THE p STATE The first group consisting of the three necessarily 
degenerate functions is an example of wha|i is called the p proper func- 
tions or the p state. The p state is characterized by the behavior of the 
proper functions with regard to rotations. It may be remembered that 
an s proper function does not change if rotations are performed. The 
three p proper functions change if one performs a rotation in the same 
way in which the and z components of a vector change if the vector 
is subjected to a rotation. Thus the proper function, 

r 

2 . 6 ( 1 ) 

is expressed by the three proper funetions, 

r r r r 

= xe COS a + ye cos 13 + ze cos y 2.6(2) 

in the same way in which the unit vector pointing in the J direction 
is expressed by the three unit vectors, Xu, Vu and Zu 

iu = Xu cos a + yu cos P + Zu cos y 2.6(3) 

The p functions as well as the s functions have a great importance in 
chemical physics. The common notation for the three wave functions 
(2x), (2^), and (2z) is (2p). The notation (2p) may stand for any of the 
three functions or for any superposition of them. 

2.7 HIGHER EXCITED STATES The energies of the higher 
excited states of the hydrogen atom can be summarized in the formula, 

1 2T^me^ 

En= - 




2.7(1) 
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For n = 1, one obtains the energy of the fundamental state; for n = 2, 
the energy of the first excited state; for w = 3, and so on, the energies 
of the higher excited states. Subtracting such energies from each other 
and dividing by h gives the frequencies observed in the hydrogen spec- 
trum. 

The second excited state (n = 3) is ninefold degenerate. Of the nine 
proper functions belonging to it, one will be spherically symmetrical 
and will be an s state. Three of them will be p proper functions having 
similar angular dependence and transforming under rotation in a way 
similar to that of the p functions of the first excited state. The remain- 
ing five will form a further group; they belong to a d state. The three 
proper functions of the p state are necessarily degenerate; the same holds 
for the five proper functions of the d state. However the degeneracy 
among the 5, p, and d groups of states is accidental. The notations used 
for these proper functions are (3s), (3p), and (3d). 

* The states belonging to n = 4 are 16-fold degenerate, being sub- 
divided into a spherically symmetrical s function, three p functions, 
five d functions, and seven / functions. 

In general, the degeneracy of the nth state is n^-fold and is subdivided 
into groups of necessarily degenerate states starting with one s, three p, 
and five d states. 

2.8 THE ANGULAR MOMENTUM The angular dependence of a 
Is, an appropriate 2p, an appropriate 3d, and an appropriate 4/ function 
are pictured in Figure 2.8(1) which indicates the behavior of the respec- 
tive wave functions in a plane. In the areas shaded vertically, the wave 
function is positive; in the areas shaded horizontally, it is negative; and, 
on the lines passing through the center, the wave function vanishes. 
We shall consider a path around the center as indicated in the figure by 
the circle and the arrow. The length of the path indicated by the circle 
will be 27rr, r being the radius of the circle. In following the path along 
the circle we will find changes of the wave function similar to those in a 
plane wave. In the s function there is no change at all; this means that 
the wavelength along the circle may be considered infinite, and there is 
no momentum along the circumference; thus the angular momentum is 
zero. In the p state one maximum and one minimum will be found in 
completing a circuit. Therefore 27rr will be the wavelength, h/2Trr the 

h h 

momentum (section 1.4), and r— = — the angular momentum. In 

27rr 27r 

the d state two crests and two troughs of the wave are found in complet- 
ing the circle so that the wavelength is 27rr/2, the momentum 2h/2Trr, 
and the angular momentum 2h/2‘K, In a similar way we find three 
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waves on the circumference for the / function and 3A/27r for the cor- 
responding angular momentum. 

The reason for the p, d, and / degeneracies as well as for the spherical 
symmetry of the s function is the spherical symmetry of the field in 
which the electron is moving. On the other hand we see that the 
quantity in classical physics characteristic of the s, p, d, etc., orbits is 





3d 4/ 

Fig. 2.8(1). Angular dep^dence of wave functions. Areas shaded vertically indi- 
cate positive values of the wave function, and horizontal shading corresponds to 
negative values. The magnitude of the wave function is not indicated. 


the angular momentum; the angular momentum of a particle remains 
constant during its motion only as long as the field has spherical sym- 
metry, and only in such cases is it of particular * usefulness in classical 
physics. 

2.9 GRAPHICAL REPRESENTATIONS OF H STATES Fig- 
ures 2.9(1) and 2.9(2) show the wave functions of the hydrogen atom 
belonging to the three lowest energy levels. As in the previous figure, 
the amplitude of the wave function is not indicated. Horizontal shad- 

*Part of this usefulness is retained in fields of cylindrical symmetry. This is 
discussed in connection with diatomic molecules. 
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ing again corresponds to negative values of the wave function and ver- 
tical shading to positive values. Full lines and circles show the position 
of nodes in the actual three-dimensional model; nodes correspond to 
surfaces on which the ^ function vanishes. In Figures 2.9(1) and 2.9(2) 




Fig. 2.9(1). Sketch of wave functions of the hydrogen atom. Vertical and horizontal 
shading correspond to positive and negative values of the wave function. The ampli- 
tudes of the wave functions are not indicated. On the bottom of each sketch the 
value of the wave function is plotted against the distance from the nucleus. 

the intersection of these surfaces with the plane of the drawing is shown. 

The three-dimensional model of the Is, 2s, and 3s functions can be 
readily visualized with the help of the drawing since these functions 
are spherically symmetrical. The nodes that appear as circles in the 
drawings for 2s and 3s are of course spherical. They correspond to 
momenta perpendicular to the spheres, that is, to a radial motion. It is 
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more difficult to visualize the other functions in space. Of the Uiree 2v 


functions, only one has been drawn, 
which has a plane node perpendicu- 
lar to the plane of the figure. The 
spatial dependence may be easily 
visualized since the wave function 
has cylindrical symmetry around an 
axis passing through the nucleus 
and perpendicular to the node. 

A second 2p function could be ob- 
tained by rotating the figure in the 
plane of the paper by 90°; the third 
2p function would have its node in 
the plane of the paper and cannot 
therefore be shown. 

The 2p functions with nodes per- 
pendicular to the plane of the paper 
correspond to rotations of the elec- 
tron parallel to the plane of the 
paper. That there are two such 
functions corresponds to the two 
possibilities of clockwise and coun- 
terclockwise motion.* The 2p func- 
tion with the node in the plane of 
the paper represents a rotation of 
the electron perpendicular to the 
plane of the paper. 

Of the three 3p wave functions, 
again only one is represented in the 
drawing. The other two can be ob- 
tained similarly as with the 2p wave 
functions. The main difference be- 
tween the 2p and 3p wave functions 
is that in the latter a spherical 
node is present which appears in 
the drawing as a circle. 

*The wave function that would cor- 
respond to the clockwise motion may be 
obtained by multiplying one of the two 
wave functions with i and adding it to 
the other. The counterclockwise motion 
is represented by a similar sum using — 
necessary if the direction of motion is to 



Zd 


Fig. 2.9(2). Sketch of wave functions 
of the hydrogen atom. Vertical and 
horizontal shading correspond to posi- 
tive and negative values of the wave 
function. The amplitudes of the wave 
functions are not indicated. On the 
bottom of each sketch the value of the 
wave function is plotted against the dis- 
tance from the nucleus. 

i. Complex wave functions are always 
be represented. 
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Of the five 3d functions only one has been drawn, the nodes of which 
are perpendicular to the plane of the paper. A second 3d function may 
be obtained by rotating the drawing in the plane of the paper by 45°. 
These two wave functions correspond to rotation of the electron (clock- 
wise and counterclockwise) parallel to the plane of the paper. The re- 
maining three 3d functions have more complicated nodes some of which 
form cones around an axis perpendicular to the plane of the paper. The 
easiest way to visualize the spatial dependence of d functions is with 
the help of mathematical formulas. 

The wave functions describing the state of an electron in a spherically 
symmetrical field may be written as a product, one factor depending 
only on the distance of the electron from the center, the second factor 
depending only on the angles. The first factor, describing the radial 
dependence, is shown for the wave functions of the hydrogen atom by 
the curves appearing at the bottom of the figures. 

2.10 TIME-DEPENDENT WAVE FUNCTION The interpreta- 
tion of the wave functions already given will become more complete if 
we include the dependence on time. This may be done by multiplying 
each of the wave functions by where Ve may be called the electronic 
frequency and is equal to the energy of the electron in the quantum 
state under consideration divided by h. 


E 



Though it is not possible here to give the derivation of the complex 
factor we have just introduced, we shall point out the main consequences 
of its inclusion and also its usefulness. 

^t27r,et jg ^ periodic function with the frequency Ve in the same way as 
cos 2Trvet or sin 2Trvet (in fact = cos 2Trvet + i sin 2Trvet), The perio- 
dicity of the time factor is important in many ways, as, for instance, in 
picturing the process of oscillation within the atom and the connected 
phenomenon of the emission of light. However neither co8 2TVet nor 
sin 2Trvet would be an appropriate function, since each vanishes at cer- 
tain times causing the wave function to become equal to zero simultane- 
ously everywhere at such times; no physical interpretation of such a 
function could be given, and it has, therefore, to be excluded. 

The function on the other hand, has the property that the square 
of its absolute value (which according to an earlier interpretation gives 
the probability function for the electron) remains constant and more- 
over is always equal to unity. Thus multiplying the wave function of 
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a stationary state with this factor will not change the probability dis- 
tribution at all. This means that the spread of the electron function in 
a state by no means corresponds to the motion of an electron in that 
state but merely to the fact that the position of an electron is uncertain 
if its energy (that is, the energy of the stationary state) is given. 

2.11 SUPERPOSITION OF TIME-DEPENDENT FUNCTIONS 
We have stated that the original time-independent wave functions can 



Fig. 2.11(1). Sketch of Is and 2p 
wave functions. Vertical and hori- 
zontal shadings correspond to positive 
and negative values of the wave func- 
tion. The amplitudes of the wave 
functions are not indicated. 



Fig. 2.11(2). Sketch of superposition 
of Is and 2p wave functions. (Is) + 
(2p). Vertical and horizontal shadings 
correspond to positive and negative 
values of the wave function. The elec- 
tron is found with greater probability 
on the right of the nucleus shown by the 
solid circle. The probability is low near 
the node indicated by the solid curve. 


be superposed (that is, multiplied by appropriate coefficients and added) 
only if the wave functions to be superposed belong to the same energy. 
On the other hand, any two time-dependent functions can be super- 
posed. It will be of interest to investigate the consequences of such 
superposition in a specific example. 

We will consider the function, 

i2TE't i2TE”t 

A + * 2.11(1) 

where E' and E'^ are the energies of the fundamental and the first 
excited states of the hydrogen atom, respectively, and v'e and are 
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the corresponding frequencies E^h and E"/h, We take for ypi, the 
wave function of the fundamental state and for ^2 the first of the four 
wave functions of the first excited state, equation 2.2(2). For the time 
t = 0 the complex exponential factors will become one, and the time- 
dependent function will reduce to ypi + ^2- If we represent and ^2 
by drawings [see Figure 2.11(1)] similar to those given in Figure 2.9(1) 
where vertical and horizontal shading correspond to positive and neg- 
ative values, then + ^2 will be represented by Figure 2.11(2). On 



Fig. 2.11(3). Sketch of superposition of (Is) and (2p) wave functions. (Is) — (2p). 
Vertical and horizontal shadings correspond to positive and negative values of the 
wave function. The electron is found with greater probability on the left of the 
nucleus shown by the solid circle. The probability is low near the node indi- 
cated by the solid curve. 

the right-hand side of the figure the positive values of ^1 and ^2 have 
re-enforced each other so that now in this region the function ypi + ^2 
is the biggest. On the left-hand side of the figure ypi and ^2 tend to 
cancel each other, and on this side + ^2 has small — partly positive 
and partly negative — values. On this side too is found the line along 
which the function vanishes, that is, the node. 

Let us now consider the original time-dependent function 2.11(1) 

after the time ^ ~ passed. The wave function can be 

2 h — hi 

written 

iOiTrE't i2f'irE"t %2TrEH i2Tr{E'* — E'^t 

^16 A + ^2® * = e * (^1 + ^2^ * ) 

i2'irE't i27rE't 

= e (^1 + ^26") = e * - h) 2.11(3) 

where use has been made of the fact that e" = —1. Apart from the 

i2wE't 

factor e ^ which does not affect probabilities, the wave function will 
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be pictured as in Figure 2.11(3). It is now on the left-hand sida.of the 
picture that and V '2 re-enforce each other, and therefore the main 
probability of finding the electron will be on that side. 

It is easy to see that after a further period of ^ ^ ^ the wave 

At E — E 


function and with it the probability distribution will shift back to its 
original value which it had at i = 0; thus the frequencies in the two 


electronic states produce beats with the total period 



or the 


E" - E' 
frequency ; 

ft 

It may be seen that, although an electron does not “move” in a 
stationary state, motion can be readily produced as soon as an electron 
is in a superposition of two stationary states. In this case however we 
can make only probability statements as to the energy of the electron. 

E" - E' 

It seems very tempting to identify the frequency r of the elec- 


tronic motion with the frequency of the light emitted or absorbed. But 
we must not consider emission or absorption of light as a consequence 
of this electron oscillation, but rather as a phenomenon corresponding 
to it. Otherwise, we would obtain the result that a hydrogen atom 
which at the moment is with certainty in the first excited state does not 
move, does not oscillate, and does not emit light. 
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3.1 ELECTRONS OF THE K SHELL As preparation for treating 
atoms heavier than hydrogen we will consider a single electron moving 
around a nucleus, the charge of which is equal to Z times the elei antary 
charge. The total energy of such an electron will then be 

Ze^ 

E = jE'pot + = h “ 3.1(1) 

r 2m 


This is the same formula that was obtained for the hydrogen atom with 
the exception that in the potential energy has been replaced by Ze^. 
A similar reasoning to that used for the hydrogen atom yields 


_i!_ 

4:Tr^mZe^ 


3.1(2) 


and 


Efmin. — 




3.1(3) 


The last formula shows that with increasing Z the energy necessary to 
tear the electron away from the nucleus increases rapidly. Thus for 
fluorine this energy exceeds 1000 volts, and for the heaviest elements it 
will exceed 100,000 volts. In fact, spectra showing a certain similarity 
to the hydrogen spectra have been observed for all elements; however, 
according to the relation E = hv, the frequencies soon become very 
great and shift into the X-ray region. Study of the X-ray spectra has 
proved to be the most reliable method of ascertaining the nuclear 
charge Z and with it the atomic number. 

According to formula 3.1(2), a decrease of the radius of the electron 
orbit will accompany the increase of binding energy. Thus we might be 
led to the conclusion that atomic radii decrease as 1/Z with increasing 
nuclear charge Z, whereas actually the atomic radius tends to increase 
slowly with increasing atomic number. 

We might suspect that this disagreement between theory and experi- 
ence might disappear if ^he repulsion between electrons is taken into 
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account. It can be shown, however, that the average repulsion b^ween 
7i unit charges is always considerably outweighed by the attraction of 
these charges by the Z-fold charge of the nucleus. X-ray spectra more- 
over show that the electrons which are close to the nucleus are not 
strongly affected by the other electrons. 

3.2 PAULI PRINCIPLE The difficulties that we have just pointed 
out prove to be by no means superficial. They reappear in somewhat 
varied forms whenever two or more electrons get into close interaction. 
Attempts to resolve the difficulties by application of principles or 
methods of classical or quantum physics proved unsuccessful. 

It was, however, possible to give satisfactory quantitative laws for 
the motion of more than one electron by introducing a new principle 
known by the name of Paulies Exclusion Principle. In its most primi- 
tive form this principle states that no two electrons can move in the 
same orbit or can be described by the same wave functions. Thus only 
a limited number of electrons will be able to move in orbits close to the 
nucleus in a heavy atom; additional electrons occupy orbits of smaller 
binding energy and greater radius. The last electron, and with it the 
atom as a whole, will require a volume which according to more detailed 
calculations increases slowly with the atomic number. 

The ^fimpenetrability^^ of matter, as manifested by the small com- 
pressibility of liquids and solids, can also be regarded as a consequence 
of the Pauli principle. In fact, if two atomic nuclei contained in two 
atoms could approach each other and the electrons around them remain 
undisturbed, the final result would be that the nuclei would coincide, 
and more than one electron originally coming from different atoms 
would be found in the same orbit. The actual repulsion between atoms 
arises from the increase of energy of the electrons in trying to get out 
of each other^s way when the atoms approach. 

For a somewhat more general formulation of the Pauli principle, it is 
necessary to state when two wave functions will be called different so 
that two electrons can be allocated to them without violating the exclu- 
sion principle. Of course, if two wave functions differed only slightly 
from each other, that would not sufiSce to make room for two electrons. 
The formulation of the Pauli principle as given here implies that a 
sufficient condition under which two wave functions are to be counted 
as different is that they belong to different energy levels. As stated in 
section 2.4, two wave functions belonging to different energy levels are 
always orthogonal. The orthogonality of two wave functions further- 
more has the necessary consequence that the two wave functions should 
differ strongly from each other. It seems therefore reasonable to use 
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orthogonality as a criterion that two wave functions are sufficiently 
different to accommodate two electrons. This generalization has actu- 
ally proved to be the reasonable mathemajtical formulation of the Pauli 
principle for the simple case in which a definite wave function can be 
assigned to each electron. This will be possible if the motion of each 
electron can be considered as proceeding independently of the rest of 
the electrons as is described in the next paragraph. 

3.3 ELECTRONIC STRUCTURE OF THE LIGHTER ELE- 
MENTS In order to obtain a reasonable approximation for the many 
electron problems and to apply to it the Pauli principle in a simple form, 
we assume that the electrons behave to a certain extent independently 
of each other. By this we do not mean that one electron has no action 
whatsoever on another. We shall rather assume that each electron will 
act on another electron with an average force. The independence of 
the electrons merely means that we neglect the variation from this 
average force which arises if one considers the force exerted by the first 
electron in each phase of its motion. 

After these simplifying assumptions have been made, it is permissible 
to consider the behavior of each electron by itself, each electron being 
pictured as moving in the field of the nucleus and the average field of 
the other electrons. Each electron will be in a state of its own and will 
be characterized by a wave function of its own; these wave functions 
will be similar to the wave function of the hydrogen atom described in 
the previous chapter. The simplest way in which the Pauli principle 
might be expected to operate would be to put successively into each of 
the hydrogen-like orbits one electron. Thus the lowest element, hydro- 
gen, would have in its fundamental state one electron in the lowest, Is, 
state. In the second atom of the periodic systemH^'wo electrons must be 
present, the first of which will be in the Is state, the second of which 
will possess a wave function similar to those of the first excited state of 
hydrogen; thus the second electron may be either in the 2s or a 2p state. 
For the third atom of the periodic system, one electron can be in the Is 
state and two electrons in 2p states or one electron in the Is, one electron 
in the 2s, and one in the 2p state. It may be noticed, that more than 
one electron can be put into 2p states, but not more than one electron 
can be put into the 2s state since there are three 2p states but only one 
2s state. Filling up the consecutive states in a similar manner, we will 
arrive at the fifth element for which the Is, 2s, and three 2p states are 
filled. In the sixth element of the periodic system, in addition to these 
states, a second excited state of the hydrogen atom must be filled which 
will be either a 3s, a 3p, or a 3d state. From the second to the fifth ele- 
ment, new electrons have gone into similar states all corresponding to 



ELECTRONS OF THE L TO Q SHELLS 


23 


the first excited state of hydrogen. We are led therefore to the following 
groups of atoms: Hydrogen corresponding to the Is state stands by 
itself ; helium, lithium, beryllium, and boron form a second group with 
2s and 2p electrons; a third group is started with carbon. 

This classification has nothing in common with the classification based 
on chemical experience. However, chemical facts can be represented 
if a small change is made in the formulation of the Pauli principle. It 
has to be assumed that not one but rather two electrons can occupy the 
same orbit. It may then be seen that the first two elements, hydrogen 
and helium, will have Is orbits. In the following eight elements from 
lithium to neon the 2s and 2p states will be filled up. Thus we see that 
the periods of the periodic system emerge. 

3.4 ELECTRONS OF THE L TO Q SHELLS After aU Is, 2s, and 
2p orbits are occupied, we would expect that the nine states, 3s, 3p, and 
3d would be filled up next by 18 electrons. Now it is a fact that the 
periodic table contains periods of 18 elements such as the period from 
potassium up to krypton, but this period does not follow immediately 
on neon as it ought to; rather a period of eight elements from sodium 
to argon is interpolated. 

The reason for this disagreement is that our strict adherence to results 
obtained from hydrogen orbits was an oversimplification. Thus the 2s 
and 2p states are degenerate (that is, they have the same energy) only 
if the electrons move in the coulomb field of the nucleus. Now the 
average field of the other electrons in a heavier atom wall cause a de- 
parture from this simple force law. The potential will be particularly 
low close to the nucleus where its attraction is not shielded by the other 
electrons. Comparing the probability distribution for 2s and 2p elec- 
trons or those for the 3s and 3p electrons in Figure 2.9(1), we see that 
finding an s electron close to the nucleus is more probable than finding 
the corresponding p electron in the same region. This behavior can be 
explained by a classical argument: The p electrons having an angular 
momentum h/ 27 r are prevented from coming very close to the attrac- 
tion center, since at the distance zero from the center their angular 
momentum would necessarily become zero. The same holds true even 
to a greater degree for the d electrons, and we can see indeed in Fig- 
ure 2.9(1) that the 3d electrons stay farther away from the nucleus than 
the 3p electrons. Since the 2s electrons will be found in the region of 
particularly low potential energy with a probability greater than that 
of the 2p electrons, we would expect that the 2s state wall be somewhat 
lower than the 2p state. Therefore the 2s state (lithium and beryllium) 
will be filled first, and the 2p states wall follow from boron to neon. In a 
similar way the 3s electrons will have a lower energy than the 3p elec- 
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trons, and these again will be lower than the 3c? electrons. Indeed the 
difference is so great that the M electrons have an even higher energy 
than the 4s electrons. Thus, in the row from sodium to argon the 3s 
and 3p states will be filled; in the following period from potassium to 

krypton the 4s, 3c?, and 4p states will be occu- 
pied by 18 electrons. From rubidium to 
xenon 18 more electrons will fill the 5s, 4c?, and 
5p states; from caesium to radon 32 electrons 
will appear in the 6s, 5c?, 4/, and 6p states. 

If several close-lying levels are available 
for the next electron, it becomes a rather 
complicated problem to decide what the 
actual electronic configuration will be. These 
difficulties are discussed in the following 
paragraphs. 

If for a certain element it is known that, 
for instance, the 4s level lies lower than the 
3c? level, it is by no means certain that the 
same will hold for the next element in the 
periodic system. The reason for this is that 
in the next element the proportion between 
nuclear charge and the charge of the Is, 2s, 
and 2p electrons will have changed, and the 
difference caused in the atomic field will affect 
the 4s state not quite in the same way as the 
3c? state. The general tendency is to restore 
the natural order of a given pair of levels (for 
instance, 3c? lower than 4s) as we proceed 
toward heavier elements; thus, in the lighter 
element, potassium, the 4s orbit is occupied 
although all the Zd states are empty, whereas 
in the heavier element, copper, one 4s state 
is still unoccupied although all the 3c? states are now filled. 

A further complication arises from the fact that the d states (and also 
the / states that are being filled up in the rare earth elements) are de- 
generate. If more than one degenerate electronic state is filled, the 
interaction between the degenerate electrons may give rise to several 
atomic levels of different energies which all belong to the same electronic 
configuration. This, in fact, is not surprising because, for instance, two 
p electrons will interact in one way if they are in identical orbits and in a 
somewhat different way if their orbits differ in orientation. 

As an example, we may consider the lowest levels of the nickel atom. 
In Figure 3.4(1) the levels are represented by horizontal lines, the ener- 
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Fig. 3.4(1). Energy levels 
of the nickel atom. 
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TABLE 3.4(1) 

The Electron Structure of the Atoms 
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TABLE 3.4(1) Continued 
The Electron Structure of the Atoms 
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gies of which, in electron volts, appear on the scale at the left-hand side. 
The first column contains the levels which belong to the configuration 
with eight 3d and two 4s states filled. The lowest level of the atom 
belongs to this configuration. However, the levels in the second column 
which belong to states with nine 3d and one 4s electrons lie only slightly 
higher and, in fact, lie lower on the average than the levels in the first 
column. The level belonging to ten 3d and no 4s electrons is given in 
the third column and lies somewhat higher. The flat statement that 
in nickel eight 3d and two 4s electrons are present is somewhat insuffi- 
cient if the electronic configuration of the atom is to serve as the basis 
of the theory of its chemical properties. 

The rather intricate interaction between electrons also accounts for 
the fact that not all the levels of one kind need necessarily be filled in 
one atom before some electrons appear in another level. For instance, 
in the rare-earth elements, there is only one 5d electron while the 4/ 
levels are gradually being filled up. This would be inconsistent with 
the simple picture that in each element either the 5d or the 4/ level 
must be lower, and therefore this lower level must be completely filled 
before any electron can appear in a higher level. 

The main method by which the lowest electron configurations of 
atoms are found is an investigation of their spectra together with the 
spectra of their ions. An analysis of the spectra of course yields only 
the atomic levels and does not lead directly to a statement about the 
electronic configuration to which these levels belong. However, the 
grouping of the levels and their behavior in a magnetic field (Zeeman 
effect) make it possible to find the actual electronic configurations, not 
only in the fundamental state, but also in the excited states. The elec- 
tronic configurations of the atoms for the fundamental states are shown 
in Table 3.4(1). 

3.5 INTERACTION OF ELECTRONS IN APPROACHING 
ATOMS The scheme that has been given for the periodic system 
suggests that the outermost electrons determine the chemical properties 
of an atom. Thus in all alkali atoms the outermost electron is an s elec- 
tron, 2s, 3s, 4s, 5s, or 6s, respectively. In fact, it is to be expected that 
in atomic interactions those electron orbits should be the important 
ones which touch or may touch the electron orbits of a neighboring atom. 

According to the argument given in connection with the Pauli princi- 
ple, there should be a general tendency of atoms to repel each other 
since the electrons avoiding each other’s orbits have to get into higher 
states when the atoms approach. If, however, each of the two atoms 
has, apart from closed shells, only one electron, these outermost elec- 
trons of the two atoms need not avoid each other, since, as has been 
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stated, two electrons can be present in any orbit. Thus a repulsion 
need not appear until an electron orbit of one atom touches the inner 
and full shell of the other atom. Other effects to be discussed later will 
cause an attraction as soon as the orbits of the two outermost electrons 
coalesce; this is the formation of a chemical bond. 

In this connection it is interesting to recall a general rule in chemistry. 
Almost all of the ordinary chemical molecules contain an even number 
of electrons; in fact, an orbit occupied by only one electron can accommo- 
date a second, which means that the molecule can react easily with its 
own Species and cannot be kept as the monomer. 

Even if outside the closed shell there is more than one electron in one 
or both of the approaching atoms, chemical bonds may be formed; thus 
the situation, in which more than two electrons occupy the same orbit, 
may be avoided without expenditure of energy if electrons of the same 
atom have occupied some but not all levels of a degenerate set of states. 
In this case the electrons of the atom may be able to avoid the orbits of 
the electron of the approaching atom by going over into another one of 
the degenerate set of levels. Even if all such degenerate states are 
filled, another level with only slightly higher energy may be present; 
then the energy needed to lift the electron into this higher state may be 
overcompensated by the energy of bond formation; such is the case 
when the beryllium atom forms a homopolar bond. Here the 2s state 
is occupied by two electrons, and on the approach of another atom one 
electron will be lifted into the slightly higher 2p state; only if consider- 
able energy is necessary to lift an electron to a higher state will the 
repulsion outweigh possible bond formation. This is the case for the 
closed shells of the rare gases. 

3.6 HETEROPOLAR BOND We will consider a sodium and a 
fluorine atom. In the fluorine, one 2p orbit is unoccupied; in the sodium 
atom, in addition to lower orbits a 3^ orbit is occupied; it might be 
expected that energy is gained if the 3^ electron is taken from the sodium 
and put into the 2p orbit of the fluorine. Actually the process just 
described is endothermic rather than exothermic, but only a little 
energy is needed to perform the change. The reason why energy is 
needed rather than evolved is that for purely electrostatic reasons the 
positive sodium ion attracts an electron at a great distance while the 
neutral fluorine does not. At closer approach of the electron, however, 
the fact that in fluorine ^^a lower orbit^^ 2p will be occupied all but 
cancels the difference of the long-range attraction. 

If now the positive sodium ion and the negative fluoride ion approach 
each other, electrostatic energy is gained which is greatly in excess of 
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the energy needed to form these ions out of neutral atoms; thus a 
heteropolar bond is formed. 

The same argument seems to lead to a wrong result if other hetero- 
polar bonds, for example, that between sodium and iodine, are con- 
sidered. Here the first step would involve a transfer of a Ss sodium 
electron into a 5p iodine orbit, that is, into a much higher state. How- 
ever, the corresponding higher nuclear charge of iodine will cause the 5p 
iodine electron to behave rather similarly to the 2p fluorine electron, 
resulting in only a slightly weaker sodium-iodine bond than the sodium- 
fluorine bond. Conversely the caesium-fluorine bond will be stronger 
than the sodium-fluorine bond since it is a little easier to remove the 6s 
caesium electron than the 3s sodium electron. 

In Table 3.6(1) the ionization energies of the gaseous alkali atoms are 

TABLE 3.6(1) 

Ionization Energies of Gaseous Alkali Atoms 

Atom Li Na K Rb Cs 

Electron Volts 5.4 5.1 4.3 4.2 3.9 

shown, that is, the energies necessary to remove the outermost electron, 
and in Table 3.6(2) the electron affinities of the halogens are given, that 

TABLE 3.6(2) 

Electron Affinities of the Halogen Atoms 

Atom F Cl Br I 

Electron Volts 4.1 3.8 3.6 3.2 

is, the energies gained if an electron is added to the respective neutral 
halogen. It may be seen that the electron transfer in itself is exothermic 
only in the case of caesium fluoride. 

The ionization energies of the alkalis are easily determined from their 
absorption spectra; in fact, below the ionization energy the atom pos- 
sesses discrete energy levels as described in section 2.7, whereas above 
the ionization energy the electron that has been torn off may have any 
energy. Thus at frequencies capable of producing ionization, continu- 
ous absorption sets in, and the ionization energy may be obtained with 
high accuracy by multiplying by h the frequency of the limit of continu- 
ous absorption. 

On the other hand, the electron affinities are more difficult to deter- 
mine and are less accurately known. They are found by a study of the 
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number of negative ions formed under suitable conditions at different 
temperatures. 

The arguments discussed in this section are in their essence much 
older than quantum theory; however, quantum theory provides the 
possibility of calculating roughly the energies involved and, what is 
more important, of connecting them with other measurable physical 
quantities, for instance, frequencies appearing in spectra. 

3.7 TRANSITION ELEMENTS It may be seen in Table 3.4(1) 
that in certain parts of the periodic system, for example, from scandium 
to nickel, the 3(i electrons are filled in after the 45 states have been 
occupied. The elements in question show a remarkable similarity; they 
constitute the transition elements. 

Similar phenomena are observed for the groups, yttrium to palladium, 
lanthanum to platinum, and more particularly within this group, for 
the rare earth elements from cerium to lutecium. 

The similarity of the transition elements suggests that all the electron 
orbits which lie outermost in space are similar to each other. Thus it 
seems that, for instance, in the iron group, the 3d orbits which are being 
filled up lie farther inside the atom than the 4s orbits. 

This can be understood with the help of a picture taken from classical 
mechanics. The d orbits have the relatively high angular momentum 
2h/2Trj and therefore the momentum of a d electron must be at least 
2h 1 

— - if r is its distance from the nucleus. Toward the exterior of the 
27r r 

atom the electric potential decreases rapidly, and, since no electron 
must have energy sufficient to escape from the atom, electrons of high 
momentum cannot be found in these outside regions. 

This reasoning leads to the conclusion that high-angular-momentum 
electrons cannot be found in the outermost parts of the atom. 

We shall repeat this reasoning now in a more quantitative manner.* 
An average potential distribution in an atom is shown in Figure 3.7(1). 
This curve has been obtained by a rough calculation which does not 
show details like the shell structure. The abscissa is the distance from 
the nucleus multiplied by the cube root of the nuclear charge Z, while 
the ordinate is the potential divided by the power of the nuclear 
charge ; thus the figure can be used for any atom. However, the approxi- 
mations that have been made in arriving at the figure are not valid if 
the potential is small, and therefore application must be limited to the 

*The following results are derived from a simplified atomic model called the 
Thomas-Fermi model. 
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interior of heavy atoms. The treatment of the angular momentum of 
electrons in the inner shells is one for which the method is appropriate. 
The potential given in Figure 3.7(1), multiplied by the charge, is equal 
to the minimum kinetic energy which an electron must possess at that 
point in order to escape from the atom; the kinetic energies of the elec- 
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Fig. 3.7(1). Approximate potential distribution in an atom as a function of the 
distance r from the nucleus. The curve is roughly valid for all nuclear charges Z 
but does not represent the shell structure. 

trons must be smaller than that kinetic energy. From this we find a 
maximum momentum that an electron can possess at each point. 
Multiplying this by r, we obtain the maximum angular momentum that 
an electron can have; this maximum angular momentum divided by 
is plotted in Figure 3.7(2) against rZ^; the figure may again be used 
for any atom. It may be seen that the maximum angular momentum 
is found at a position well in the interior of the atom. It also may be 
seen that this maximum angular momentum increases with Z^ so that 
higher angular momenta can be expected in heavier atoms. Multiply- 
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ing the ordinate of the figure by we find that the angular momen- 
tum becomes possible for the first time with Z = 1.3, and there- 
fore helium should be the atom at which the first p electron occurs. 
Similarly the first d electron (angular momentum 2h/2Tr) should be 
found for Z = 10.6, that is, for sodium. Finally the first / electron 
should be found for Z = 36, that is for krypton. Comparison with 



Fig. 3.7(2). Maximum angular momentum that an electron may possess in the 
ground state of an atom as a function of the distance r from the nucleus. 


Table 3.4(1) shows that the first p, d, and / electrons occur respectively 
in boron, Z — 5; scandium, Z = 21; and cerium, Z = 58. The agree- 
ment is not very satisfactory. This is due to the crudely approximate 
nature of our assumptions. We can show that a better agreement is 


3 h 

to be expected if the first appearance of the half-integral values , 

2 27r 


5 ^ j 7 A , , , 

- — and - — of the angular momentum m our model is assumed to cor- 
2 JjTT l Ztt 


respond to the first appearance of a p, d, or / electron in the periodic 
system. Indeed, according to this assumption, the theoretical values 
of Z at which p, d, and / electrons make their first appearance are 
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Z = 4.5, Z = 20.8 and Z = 57, in excellent agreement with experience. 

It should be remembered that some of the concepts used here are in 
direct contradiction to the uncertainty principle. For instance, it is not 
permissible to talk about the maximum momentum of an electron at a 
given point; if the electron were localized strictly at a given point, the 
momentum of the electron must be infinite. The classical argument 
given here should really apply, not to electrons at a point, but to elec- 
trons in a given region of the atom. 

3.8 INDEPENDENT MOTION OF ELECTRONS IN WAVE 
MECHANICS In formulating the Pauli principle we have supposed 
that the electrons move independently of each other. We must discuss 
now to what statement in wave mechanics this statement of classical 
mechanics will correspond. 

We have seen that the wave functions of electrons are closely con- 
nected with the probability of finding electrons in certain regions. If 
we have several electrons that move independently, the probability of 
finding electrons in a certain configuration will be given by the products 
of the probabilities as calculated for each electron for its respective posi- 
tion. The same result is obtained from a wave-mechanical description 
if the wave function of the whole system is the product of the wave 
functions of the single electrons. 

If a classical j lechanical picture is made of the atom, the electrons 
will, of coui^e, n t move in a strictly independent way; the correspond- 
ing fact in quan ..m mechanics is that the wave function is not strictly 
a product of Wc. e functions for single electrons. But, whatever the 
wave function of the electrons is, we can show that it can always be 
wi’itten as a sum of products. Each term of that sum, if it stood alone, 
would corresponvl to a certain distribution of electrons over the differ- 
ent orbits. If several terms appear in the sum, then the electrons may 
be found with a certain probability in each of the several distributions. 
As an example, we shall discuss the lowest state of the helium atom; we 
have pointed out that in this state two electrons are found in the Is 
state; we can represent that state symbolically by the product of the 
wave functions of the two electrons, and for each of these wave func- 
tions we shall use the symbol Is. The complete wave function will 
therefore be denoted by (Is)^. Another distribution of the electrons 
would be to put one electron into a Is state, the other into a 2s state; 
that wave function would be (Is) (2s). The real wave function will be 
approximated better if we take (Is)^ and (Is) (2s), multiply them with 
appropriate coefficients, and add. 

Ciilsf + C2(1s)(2s) 
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The actual wave function of the fundamental state being rather well 
represented by the expression (Is)^, C 2 should be small as compared 
with Cl. The physical significance of Ci and C 2 is in a way similar to 
the significance of the ^ function as discussed in the first chapter: the 
squares of Ci and C 2 (or more generally the absolute values of their 
squares) give, respectively, the probabilities of finding both electrons 
in a Is state and of finding one electron in a Is state and one electron 
in a 2s state. The foregoing consideration is readily generalized for the 
case where the wave function is represented by the sum of more than 
two terms. It follows from the physical significance of the constants 
Cl and C 2 , that the sum of their squares must be equal to unity. Even 
if it is uncertain in which configuration we shall find the electrons, it is 
certain that we shall find them in some configuration. 

By leaving thus a greater latitude in the distribution of electrons 
among states, a lower total energy may be obtained in a somewhat 
similar way that a lower energy was obtained for one electron if some 
latitude was allowed in its position. Actually, using sums containing 
several terms, we can construct wave functions for which the prob- 
ability of electrons coming close together will not be so great as it would 
be if they were moving independently. Greater average distance be- 
tween electrons decreases their interaction and lowers the total energy. 
On the other hand, it will not be useful to introduce terms multiplied 
by a large factor if the corresponding electron distribution has a high 
energy. That would mean that electrons would be found with great 
probability in high orbits and therefore in states of high kinetic and 
high average potential energy. It follows from the general rules of 
quantum mechanics that the correct wave function for the fundamental 
state will be found by making the total energy a minimum. This can be 
done by adjusting the coefficients in the sum in an appropriate manner. 

The lowering of energy obtained in this way will be all the greater if 
two or more possible distributions of electrons each having nearly the 
same energy are coupled with each other. In this case electrons can 
avoid each other without being forced into higher orbits. This phe- 
nomenon is called ^ ^resonance, a name which is intended to recall the 
greater influence that coupled vibrations exert on each other if their 
frequencies are nearly the same. The phenomenon of resonance helps 
to explain a number of curious effects in organic chemistry. In the 
periodic system resonance for the lowest states occurs in the transition 
elements and adds to the complexity which we have already encoun- 
tered in this group. 

3.9 THE ELECTRON SPIN It remains to be understood why two 
electrons rather than one can occupy the same orbit or wave function. 
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The reason is that electrons have an internal degree of freedom; that is, 
even after the position and momentum of the electron have been deter- 
mined as far as possible, the electron may be in one of two states which 
differ as a rule only very slightly in their energy. The situation can be 
pictured roughly by assigning a small magnetic dipole or spin to each 
electron which can have two different orientations. Magnetic effects 
are usually small, and so the spin will not influence the energy greatly, 
although data on magnetic susceptibility allow us in some cases to draw 
conclusions concerning the spin. 

Two electrons can be in the same orbit if they differ in the orientation 
of their spins and are therefore in reality in different states. Only one 
electron can occupy one state if a state is defined by both the wave 
function and the spin orientation. 

We have seen that the possibility of valence formation is closely 
connected with the free and occupied states in the outermost shell of 
electrons. It is therefore evident that the electron spin is of importance 
for valency, not because spins influence electron energy but rather be- 
cause they make it possible for two electrons to get into the same orbit. 

3.10 GENERALIZED PAULI PRINCIPLE In section 3.2 we 
have formulated the Pauli principle for the simple case in which each 
electron can be assigned to a definite orbit and in which the spin of the 
electrons is disregarded. In the preceding two sections these simplifica- 
tions have been dropped, and it now becomes necessary to formulate 
the Pauli principle in a way which is applicable to the more general case. 

The wave function in its most general form is one that depends on 
the co-ordinates and spin orientations of all the electrons. This wave 
function is connected with the probability of finding the electrons in a 
certain configuration and at the same time with certain spin orientations. 
Let us now consider a certain configuration of the electrons and then 
interchange the position of two electrons and also interchange their 
spins so that, after the change, electron 1 is in exactly the same situation 
as electron 2 was, and vice versa. The generalized Pauli principle states 
that, for the changed configuration, the wave function has — 1 times the 
value which the wave function had assumed for the original configura- 
tion. An immediate consequence of this postulate is that the probabili- 
ties (which are the squares of the wave functions) are the same for the 
new and old configurations. It is interesting to notice in this connection 
that a physical difference between the original and changed configura- 
tion would be observable only if the two electrons differed from each 
other intrinsically, that is, in more than in their names. 

In order to understand the preceding postulate it is useful to study 
its consequences for the case of two electrons that move independently 
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of each other and for which therefore the earlier formulation of the 
Pauli principle can be applied. The wave function of electron 1 we 
shall call ^(1) and the wave function of electron 2 we shall designate by 
(p{2). The total wave function for the independent case is the product 
^(1)^(2); interchanging the two electrons we obtain ^(1)^(2) which is 
in general not equal to -—I times the original function; thus the gen- 
eralized Pauli principle is not satisfied. We can, however, easily construct 
a function that satisfies our requirement, namely, — ^(1)^(2). 

This can always be done if the functions and (p differ from each other. 
If these functions happen to be identical, no function exists which con- 
forms to the generalized principle and which is different from zero. This 
corresponds to the earlier statement that no two electrons can be in the 
same state. 

The product wave functions used in the previous sections are in the 
strict sense not correct wave functions because they do not satisfy the 
generalized Pauli principle; they only symbolize the correct functions 
which should be constructed from them in a manner essentially similar 
to that shown in the preceding paragraph. 

The preceding formulation of the Pauli principle has proved to be 
in complete agreement with experimental facts. It fits well into the 
mathematical theory of quantum mechanics for the following reasons. 
(1) It is applicable to any wave function; (2) if it is postulated for the 
wave function at any one time, the rules of wave mechanics insure that 
it will continue to be valid at any future time. Thus the Pauli principle 
takes on the aspect of an initial condition, behavior at later times being 
taken care of by the rules at which one has arrived with the help of con- 
siderations independent of the Pauli principle. The last statement is 
valid, however, only as long as there is no intrinsic difference between 
electrons. If two electrons differed to the slightest extent in their reac- 
tion to any outside physical influences, then, according to the rules of 
wave mechanics, the Pauli principle could not continue to hold. Thus 
the fact of the Pauli principle is a very strong argument in favor of 
the identity of all electrons. In more concrete terms the reason for an 
L electron not falling into the full K shell is not the presence of some 
force prohibiting that process but the fact that the same physical action 
that would throw an electron from an L into the K shell will always lift 
an electron from the K into the L shell, so that no observable effect 
takes place. The slightest difference between the properties of the two 
electrons would upset this balance. 
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4. 1 SEPARATION OF MOTIONS OF NUCLEI AND ELECTRONS 
The structure of atoms and that of molecules differ essentially in one 
respect: In the atom the electrons move in the field of one nucleus; in 
the molecule they move in the field of several nuclei. For atoms, nu- 
clear motion will essentially manifest itself as a translational motion of 
the whole atom. In the molecule, nuclei can move with regard to each 
other causing important changes in the electronic structure. Owing to 
the much greater weight of the nuclei as compared to that of the elec- 
trons, the following picture can be applied. We first consider the nuclei 
at rest in an arbitrary position and then investigate the motion of the 
electrons in the field of the nuclei. 

Subsequently the slow motion of the nuclei has to be discussed. For 
that purpose, however, only the interaction of the nuclei and the average 
force exerted by the electrons on the nuclei are important. The rapid 
changes of the forces exerted by electrons owing to their motion around 
the nuclei may be neglected. The heavy nuclei will react on these forces 
by a vibration of the electronic frequency but of very small amplitude. 

The corresponding statement in wave mechanics is as follows: The 
total wave function describing electrons and nuclei can be written as a 
product of two factors. The first factor describes the state of the elec- 
trons in the field of the fixed nuclei; this factor contains, of course, the 
nuclear co-ordinates as parameters. The second factor describes the 
motion of the nuclei in a potential arising from their interaction and 
from the average potential of the electrons. 

It may be noticed that, for a fixed set of positions of the nuclei, dif- 
ferent electronic states are possible: that is, a fundamental state which 
will be our main concern in chemistry, and excited states which in most 
cases have so much energy that they cannot be excited in a thermal 
way ; the latter will, however, be of importance in photochemistry. For 
the different electronic states the electronic distribution and with it the 
average potential of the electrons will be different. Thus the electronic 
motion will depend on the state, fundamental or excited, of the electrons. 

37 
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4.2 CLASSICAL MOTION OF THE NUCLEI According to the 
correspondence principle, quantum laws will approach classical laws in 
the limiting case of ^^high quantum numbers/^ Owing to their greater 
mass, the nuclei move with smaller frequencies than the electrons, and 
the energy, E = hvj necessary for their excitation is less. For heavy 
nuclei, room temperature is as a general rule sufficient to lift them into 
high quantum states so that the motion of such nuclei can be described 
by classical mechanics. At low temperatures all nuclei depart from the 
rules of classical mechanics, as shown by specific heats which fall below 
the value given by application of the principle of the equipartition of 
kinetic energy. For light nuclei, particularly those of hydrogen, even 
room temperature must be counted as low temperature, and classical 
behavior is attained only at several thousand degrees. 

Nevertheless, in discussing chemical reactions it has sufficed up to 
now to consider the motion of the nuclei as purely classical. The reasons 
are twofold: (1) In the reactions which do not proceed with too great a 
rate, large activation energies are involved which can be overcome only 
by those atoms which have an excess energy and therefore approach in 
their behavior the laws of classical mechanics; (2) for the great potential 
differences involved, and for the shapes of potential curves that occur, 
the classical and quantum laws do not deviate significantly from each 
other. In fact, the laws of quantum mechanics may easily cause a 
change of a factor two in the rate of a reaction, but no case is known in 
which a reaction that, owing to a high activation energy, ought not to 
proceed according to classical mechanics will proceed because of the 
quantum laws. 

Tliere is one effect, namely the tunnel effect, which, according to the 
views of some, causes an important quantum deviation in reaction 
velocities. The effect consists in a particle penetrating through a bar- 
rier, even if its energy is too small to do so in classical physics. The 
ultimate reason for this effect is the impossibility of localizing a particle 
in quantum mechanics without giving it high kinetic energy. 

The behavior of the proper function of the hydrogen atom in its 
fundamental state is closely related to the tunnel effect. Though the 
electron does not have enough energy to escape the nucleus, its wave 
function and, with it, its probability distribution extends toward infinity, 
of course in an exponentially decreasing way. In chemical reactions 
the penetration of nuclei through barriers is not of practical importance 
because of the greater mass of the nuclei. The wave function of a 
nucleus will penetrate much less deeply into a region where, according 
to classical mechanics, the nucleus should not be found. Among nuclei. 
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the proton having the smallest mass will have the greatest chance of 
penetrating through a potential barrier. 

It is undoubtedly true that for an appropriate shape of the potential, 
the tunnel effect would become important; a very narrow and high 
barrier would be a case in point. There is, however, not a single chemi- 
cal reaction where the importance of the tunnel effect has been demon- 
strated with any certainty. 

4.3 NUCLEAR VIBRATIONS In stable molecules, the nuclear 
motion is usually confined to a narrow region around the equilibrium 
positions of the nuclei. The vibrational amplitudes are in the range 
0.1-0.01 A., and thus are small as compared to atomic and molecular 
radii. For these small amplitudes. Hookers law will hold, and the nuclei 
will perform, therefore, harmonic vibrations. Even at low temperatures 
the nuclei will not be localized strictly to their equilibrium positions; the 
lowest vibrational quantum level )’es ^hv higher than the minimum of 
the potential energy. This residual energy or zero-point energy is 
again due to the fact that the nucleus cannot be strictly localized at 
the point where the potential energy is a minimum without its being 
given a high momentum and a high kinetic energy. 

The frequencies with which the nuclei can vibrate in a molecule can 
be found with the help of infrared spectra, the Raman effect, specific 
heats, and also absorption and fluorescence spectra. These methods 
complement each other and frequently all must be used in order to get 
a complete picture of the vibrations of a polyatomic molecule, although 
for a diatomic molecule any one' of the methods may serve the 
purpose. 

Nuclear vibrations will not be simple for polyatomic molecules; in 
most vibrations all atoms of the molecule participate to a greater or 
less extent, although some of the vibrations may be restricted in the 
main to one group, serving as a practical spectroscopic indication of the 
presence of that group in the molecule. Careful analysis is needed to 
obtain the restoring forces acting on the nuclei from the observed fre- 
quencies; these restoring forces are a qualitative measure of the energy 
with which that nucleus or atom is bound in the molecule; a great restor- 
ing force will in general correspond to a strong binding. 

4.4 THE ISOTOPE EFFECT If we consider the motion of the elec- 
trons in the field of the nuclei at rest, no difference will be obtained when 
a nucleus is replaced by one of its isotopes. Thus, the electronic states 
will remain the same after isotopic substitution, and the average forces 
which the electrons exert on the nuclei will not change either. It foL 
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lows that isotopic substitution will not change the potential field in 
which the nuclei are moving. 

According to classical statistical mechanics, the kinetic energy follows 
the equipartition law, and the distribution of the nuclei in space' is 
given by the Boltzmann law. The potentials being the same for isotopes, 
no difference should therefore arise for statistical equilibrium among 
isotopes. 

Differences do arise, however, particularly apparent in the case of the 
hydrogen isotopes. Such differences are pure quantum phenomena. 
That they arise primarily for hydrogen is explained by the great per- 
centage difference in the masses of these isotopes and also by the small 
mass of the hydrogen atom so that quantum effects become particularly 
noticeable. 

The simplest and most important quantum effect of this kind is the 
zero-point energy. The potentials, and therefore restoring forces, being 
the same for hydrogen and deuterium, their vibrational frequencies will 
differ by a factor Thus the zero-point energies ^hv will be different, 
giving rise to differences in heats of reaction which amount as a rule to 
several hundred calories. The arguments just given are oversimplified 
because in many vibrations hydrogen atoms will not be the only ones 
that are moving; however, it gives a good qualitative and sometimes 
even quantitative idea of the chemical differences between the isotopes. 

At high temperatures the difference in chemical equilibrium will tend 
towards zero since the motion of the nuclei will approach that pre- 
scribed by the classical laws. 

Reaction velocities will remain different, however, owing to the smaller 
average velocity of deuterium atoms at a given temperature. Apart 
from this classical difference, quantum differences in reaction velocity 
may be expected for the isotopes. In fact, comparison of reaction 
velocities of isotopes might become very helpful in detecting differences 
due to quantum theory and in particular in detecting the tunnel effect. 
However, the differences occurring for the equilibria for final and inter- 
mediate products frequently complicate the picture to such an extent 
that the elementary reaction-velocity differences cannot be isolated. 

In general, however, even hydrogen and deuterium do not differ 
greatly in any chemical reactions. This is the most direct experimental 
justification for neglecting quantum effects of the nuclear motion in a 
qualitative survey of chemical equilibria and chemical reactions. 

4.5 NUCLEAR POSITIONS Although nuclear vibrations fre- 
quently have an amplitude of as much as 0.1 A., the vibrations do not 
deviate much from the purely harmonic law. Thus the mean distances 
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of the nuclei will correspond closely to the equilibrium distances. These 
average distances can be measured by two main methods: The one is 
the diffraction of electrons or X rays, the other is investigation of molec- 
ular rotation in the spectra. 

The X-ray diffraction method is based on the fact that X rays, scat- 
tered by different atoms in a molecule or in a crystal, interfere with each 
other and that the interference depends on the distance between the 
atoms. The fact that electrons (and other particles) have wave proper- 
ties makes it possible to use electrons instead of X rays. It can be 
shown that, if a train of waves falls on a crystal, there will be in general 
no direction in which the scattering of all lattice cells gives rise to con- 
structive interference; one can find for every region in the crystal lattice 
another region such that the scattering by the two regions cancels. 
Thus, in general, no scattering takes place, and the original beam re- 
mains undisturbed except for processes which involve energy losses. If, 
however, the wavelength and direction of the incident beam satisfy 
certain relations, there wiU exist a direction in which the wave can be 
scattered by all the crystal cells so that the scattered radiations re-en- 
force rather than cancel each other. Thus sharp interference maxima 
occur. From their positions one can derive the size and the microscopic 
symmetry of the crystal cells. Sometimes this is sufficient for the 
determination of the position of the nuclei. This is the case if all nuclei 
lie in centers of symmetry, in intersections of symmetry axes, or in 
other points defined uniquely by the crystal symmetry. If this is not 
the case, the position of the atoms might still be obtained by a rather 
laborious process from the intensities of the interference maxima. 

The diffraction method can also be applied to molecules in the gaseous 
phase. Interference of the radiation scattered by the various atoms in 
the molecule gives rise to scattering in all directions with varying in- 
tensity. The sharpness of the interference maxima in crystals is due 
to the regularity of the crystal lattice and to its theoretically infinite 
extension. A finite assembly of scattering centers on the other hand 
always produces continuous scattering rather than discrete maxima. 
The angular distribution of the intensity of the scattered radiation de- 
pends on the orientation of the molecule. To obtain the experimental 
intensity distribution one has to average over-all molecular orientations. 
In simple molecules it is possible to calculate from the observed broad 
interference maxima the interatomic distances. 

Both electron and X-ray interferences have been used in diffraction 
experiments on crystals and molecules. But for molecules it is much 
easier to work with electrons since they are scattered more Strongly and 
necessitate only short exposures, whereas molecular diffraction experi- 
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merits with X rays are difficult on account of the small intensity. For 
crystal analysis the use of X rays is perhaps preferable. Because of the 
smaller scattering of the X rays, they penetrate deeper into the crystal 
and give a truer picture of the body of the crystal. Electrons are apt to 
be deflected nearer to the surface, particularly if their velocity is rela- 
tively low. Thus electron diffraction may be used to explore surface 
effects. X rays are scattered mainly by electrons rather than by nuclei; 
however, near any heavy nucleus there is a region of higher electron 
density; thus X rays scattered from these electrons will give a good 
indication of the nuclear position. 

In electron diffraction the electrons will have a perturbing influence, 
but the greatest amount of scattering is due to the strong coulomb field 
of the nucleus. 

Neither of these two methods can fix the position of hydrogen atoms 
with any accuracy; the electron density does not increase sufficiently in 
the neighborhood of the proton, and the hydrogen nucleus will also not 
deflect an incoming electron much more strongly than any one of the 
electrons in the molecule. 

Scattering due directly to nuclei can be obtained by using neutron 
beams rather than X rays or electrons. Practical results have been 
reached using directed beams of high intensity. Such beams can be 
obtained from piles producing atomic energy. When such a pile is 
working, a great density of neutrons is present in its interior. By use of 
appropriate shields and slits an intense neutron beam can be obtained. 
The neutrons must be slowed down by an appropriate number of colli- 
sions before they pass through the slits. This is necessary because 
only slow neutrons have long enough wavelength to be useful in crys- 
tal interference experiments. With the help of neutron diffraction 
one may hope to determine the positions of the hydrogen nuclei in 
crystals and molecules. 

Nuclear positions may also be obtained by investigating molecular 
rotation. The investigation of rotational structures leads to a deter- 
mination of moments of inertia; these depend primarily on the nuclei 
rather than on the electrons. There is, moreover, no particular diffi- 
culty in obtaining the position of hydrogen atoms; thus rotational 
structures give as a general rule more accurate, more reliable, and in a 
way, more general results than diffraction experiments. However, the 
rotational structure can be investigated only in the gaseous state, and 
even there the method is practicable only for rather simple molecules. 
This method is discussed in greater detail in Chapter 10. 

With the help of the methods mentioned, it is, as a general rule, easy 
to determine the (average) nuclear positions with an accuracy of 0.01 A. 
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A careful study of the vibrational spectra of molecules may lead to con- 
clusions about the symmetry and the shape, but not the size of a mole- 
cule. Qualitative results may be obtained from the classical methods 
of stereochemistry which in the last decades have been supplemented 
by the study of dipole moments. 



5 . ATOMS AND MOLECULES IN ELECTRIC 

FIELDS 


5.1 ATOMIC FIELDS AND MACROSCOPIC FIELDS The elec- 
trie charges of the constituents of matter give rise to strong electric 
fields which cause the chemical forces. The only reason why chemical 
laws are not simply reduced to electrostatics is that the electrons behave 
under the influence of these electric forces, not according to classical 
mechanics but according to quantum mechanics, and that they further- 
more show that peculiar behavior which we have described under the 
name of the Pauli principle. In explaining chemical forces, it must be 
borne in mind that both the particles that produce the electric field and 
the particles on which the electric field acts behave according to quan- 
tum laws. A simpler application of the electrical structure of molecules 
will be treated in this chapter, namely, the interaction of atoms and 
molecules with macroscopic electric fields, that is, with electric fields 
produced by the usual electrical apparatus rather than with the exceed- 
ingly strong fields of individual atoms and molecules. 

6.2 ATOMS IN HOMOGENEOUS FIELDS We will consider a 
molecule in an electric field with the nuclei in their equilibrium posi- 
tions; the effect of their vibration may be neglected. A definite orienta- 
tioq of the molecule with regard to the electric field will be assumed. 

The interaction energy between molecule and electric field can then 
be obtained as follows: The value of the electric potential at the position 
of each nucleus will be multiplied by the positive charge of that nucleus, 
and the sum will be taken. The contribution of the electrons is obtained 
by spreading out the electrons according to their probability distribu- 
tion as given by the absolute square of the wave function; the interac- 
tion of this continuous charge-density with the external field is to be 
taken. 

This prescription does not mean that the electrons are actually spread 
out into a continuous cloud of negative charge. It only means that for 
the interaction of electrons and field the weighted average has to be 
taken as calculated with the help of the probabilities of distinct posi- 
tions which the electron may occupy. 
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For the purpose of this calculation the electron distribution will be 
taken to be the same as that valid for the molecule in the absence of 
the electric field; this of course means that we disregard the distortion 
of the electronic structure; that is, we neglect polarizability. The 
effects due to polarizability are discussed later. 

If the electric field acting on the molecule is homogeneous, a particu- 
larly simple picture will be obtained. We will first consider an isolated 
neutral atom. In this case the interaction energy is zero; the reason for 
this is that the probability of finding the electrons at points removed 
from the nucleus by the vector r and the vector — r [see 
Figure 5.2(1)] is always the same. Now the mean 
value of the interaction of the electron and the homo- 
geneous field at the points r and —r is the same as 
the interaction which would be obtained if the elec- 
tron were at the same position as the nucleus. Thus 
the electronic charge effectively neutralizes the nuclear 
charge. A similar argument holds if many electrons 
have to be considered; in the corresponding argument all vectors drawn 
from the nucleus to the electrons have to be inverted, that is, replaced 
by — r, simultaneously. Again the probabilities of these inverted con- 
figurations will be the same, and their mean action is equivalent to all 
electrons being concentrated in the nucleus. 

An example of the zero interaction between an atom and the field mil 
be furnished by the fundamental state of the hydrogen atom, where the 
electron is in an s state, and its charge distribution has spherical sym- 
metry. Even if an electron is in a p state, its interaction will remain 
zero, since the square of the \l/ function (giving the probability distribu- 
tion) will be symmetrical to the inversion as previously described. The 
only kind of exception that occurs is illustrated by Figure 2.11(2) where 
the main electronic charge is found to the right, or in Figure 2.11(3) 
where the main electronic charge is found to the left of the nucleus and 
can no longer be replaced by a charge at the same position as the nu- 
cleus. This occurs, however, only if excited states are taken into account 
or if there is an accidental degeneracy between an s and a p state or 
between further states. There is no kno\vn example of such degeneracy 
in the fundamental state of an atom. Therefore the interaction between 
a homogeneous electric field and an undistorted atom in its lowest state 
is zero. 

5.3 PERMANENT DIPOLES The interaction between a homo- 
geneous field and an undistorted molecule will vanish if the molecule has 
a sufficiently high symmetry. One can give as examples CS2, CCI4, 
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CeHe, and C 2 H 6 . In other molecules, however, such as HCl, H 2 O, 
CeHsCl, and CsHg, the effects of positive and negative charges will not 
cancel, and a finite interaction with the field will be obtained. It can 
be shown that such an interaction depends in the following way on the 
orientation of the molecule: It has a maximum value for a certain 
orientation of the molecule with regard to the electric field; this maxi- 
mum interaction will remain unchanged if the molecule is rotated 
through any angle around an axis parallel to the electric field. If the 
molecule is rotated through an angle 6 around any axis perpendicular to 
the electric field, then the interaction is multiplied by cos 6. For 0 == 
180°, the interaction will have changed sign. 

This behavior can be represented by rigidly attaching to the molecule 
an imaginary vector called its dipole moment; the length of this vector 
is given by the maximum interaction the molecule can have with a unit 
electric field. The orientation of the vector has to be fixed in the mole- 
cule in such a way that the maximum interaction with the field is ob- 
tained when the vector is parallel to the field. 

The physical significance of the dipole moment is that it is a measure 
of the separation of the center of the positive charges from the center 
of the negative charges in the molecule. The easiest way to represent 
it is to locate an appropriate positive charge e and the corresponding 
negative charge — e at the distance I from each other; it is easy to verify 
that such a charge distribution will have just the required interaction 
with the homogeneous field. It represents a dipole of the magnitude 
el ^ d; dE is equal to the maximum interaction energy between the 
dipole and an electric field E. The direction of the dipole moment is 
given by the line pointing from the negative towards the positive charge. 
In general, the interaction between the electric field and the dipole is 
—dE cos 0, where 6 is the angle between the directions of the dipole and 
the electric field. The minus sign is due to the fact that the energy of 
the dipole is a minimum when it points in the direction of the electric 
field. 

There still remains an arbitrariness, since the magnitude of the dipole 
moment determines only ely and not e and I separately. It is customary 
to define a pure dipole as the special case where e tends to 00 and I tends 
to zero, so that their product remains constant. 

To represent the charge distribution in a molecule by the simple 
picture of a dipole is permissible only as long as an interaction with a 
homogeneous electric field is considered. For atomic dimensions every 
macroscopic field may be considered to be homogeneous, but the electric 
field originating in a neighboring molecule will in general be strongly 
inhomogeneous. In order to obtain the interaction with such molecular 
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fields, the dipole moment of the molecule is not sufficient, but a rather 
more detailed description of the charge distribution in the molecule is 
needed. Unfortunately, it is very difficult to obtain exact information 
about the detailed charge distribution, the dipole moment being the 
only well-defined quantity which can be determined by direct experi- 
ment. 

5.4 ORIENTATION OF DIPOLES IN AN OUTSIDE FIELD 
The most direct manifestation of dipole moments is their effect on the 
dielectric constants of materials, due to the orienting effect of an elec- 
tric field on the dipoles. We shall consider a volume of 1 cc. containing 
an assembly of dipoles in an electric field. The electric field will try to 
orient all the dipoles, while the temperature motion will tend to intro- 
duce a random orientation of the dipoles. According to the Boltzmann 
law, the relative number of molecules possessing potential energy V is 
^-v/kT^ where k is the Boltzmann constant and has the value 1.38 X 
10"’^® erg per degree. If we are interested in the relative number of 
dipoles at different angles to the direction of an electric field Ey we have 
to introduce for F the expression —Ed cos 6 so that we obtain 
It is easily verified that for conditions obtainable in laboratories the 
exponent is small * compared with unity. We can therefore write 

^Ed cos e/kT Ed cos e/kT 5.4(1) 

We see that under experimental conditions there are only slightly more 
dipoles pointing toward the direction of the electric field (cos 6 positive) 
than pointing away from the electric field (cos 6 negative). The slight 
preponderance of dipoles pointing in the direction of the electric field 
will cause, in the assembly of molecules, a net dipole moment parallel 
to the electric field. This net dipole moment can be calculated by mul- 
tiplying the contribution of each dipole at orientation 6 (which is 
d cos d) by the number of molecules having that orientation and by 
averaging over-all orientations. One obtains 


Net dipole = Nd cos 6[1 + Ed cos d/kT] 

= Nd cos d + NEd^ cos^ O/kT 5.4(2) 

Here N is the total number of molecules in the unit volume considered. 

* Even if we substitute for E the high value of 10® volts per centimeter, that is, 
J X 10® E.S.U., for Tf the value of 300° K., and for d the value 10“^^ E.S.U. (corre- 
sponding to the rather large dipole moment produced by approximately two elec- 
tronic charges at a distance of 1 A. from two corresponding positive charges), we 
obtain Ed/kT *= 0.08. 
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The horizontal lines above the symbols indicate the averaging process. 
In evaluating the average, all orientations in space have to be given 
equal weight since the fact that more molecules point in the direction 
of the field than in the opposite direction has been already taken into 
account by the factor \ + Ed cos Q/kT, In averaging over the first 
term, Ndcosdy we obtain zero; this is due to the perfectly random 
orientation of the molecules in the absence of an electric field. In the 
second term the average over cos^ 6 gives so that we obtain for the 
net polarization (that is, net dipole per cubic centimeter) ^NEd^/kT, 
The expression just obtained can be written in the form Nd where 
the average contribution of one molecule toward the net dipole 
moment is 


. Ed^ 

d = 

ZkT 


5.4(3) 


The expression for the average dipole d can be easily understood since 
it has to be proportional to the potential energy Ed of one dipole parallel 
to the electric field, to the contribution d towards the net dipole moment 
of one parallel dipole, and also inversely proportional to the tempera- 
ture T tending to introduce random orientation. 


5.5 DIELECTRIC MEDIA The fact that electric fields cause a 
net dipole within media gives rise to what is called their properties as 
dielectrics. These properties are characterized by the dielectric con- 
stant K which we will now define. 

In measuring the electric field within a dielectric medium the detailed 
interaction of a test charge with the dipoles of the medium is of impor- 
tance. Two simple cases may be distinguished. First, we shall make 
in the dielectric medium a cavity of oblong shape parallel to the 
direction of the electric force and measure the electric field in this 
cavity. The result of this measurement, when the length of the cavity 
is made great^as compared to its two other dimensions, is called the elec- 
tric field E in the dielectric. Second, we consider a flat cavity with its 
two dimensions perpendicular to the electric field great as compared 
to its thickness parallel to the electric field. The electric field measured 
in such a cavity is called the electric displacement D of the dielectric. 
The dielectric constant K is then given by the ratio D/E. 

The reason for the difference between D and E is that, whenever a 
dielectric medium has a boundary perpendicular to the electric field, a 
surface charge will be present on that boundary. In the case of the flat 
cavity, these surface charges are close to the test charge within the 
cavity, whereas in the oblong cavity they are far away. Figure 5.5(1) 
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shows a dielectric (shaded) with a field in the direction of the arrow and 
a flat cavity having two parallel surfaces of area 8. We can find the 
surface density of the charge by considering a volume below the cavity 
of the same cross section 8 and thickness L. In that volume L8 there 
will be a total dipole equal to the net dipole per cubic centimeter, called 
the polarization P, times L8. Some of the dipoles oriented* by the 
field are shown in Figure 5.5(1). The dipoles close to the surface will 
give rise to an uncompensated average charge on the surface. In order 
to get a net dipole PL8^ we might take a positive-charge distribution 



Fig. 5.6(1). Dielectric, with field and flat cavity. A few oriented dipole molecules 

are shown. 

L8P /I and a negative-charge distribution of the same size and displace 
them by a distance I from each other. A fraction l/L of the positive 
charge then will remain uncompensated on the lower surface of the 
cavity shown in Figure 5.5(1); that is, we will have the total surface 
charge 1/L-PL8/1 = P8. Dividing by the surface we find that the 
surface density is P; that is, the surface density is equal to the net dipole 
induced within the material per cubic centimeter. In a similar manner 
we find that on the upper surface of the cavity there is a negative sur- 
face charge of density P. The positive test charge in the cavity will be 
repelled by the lower surface and attracted by the upper surface so that 
it will experience a stronger force than in an oblong cavity parallel to 
the field in which the surface charges are not effective. Thus we find 
in general D > E and K > 1. 

In order to calculate the increase of field strength in the flat cavity 
due to the surface charges, we represent the electric field by lines of 
force. The lines of force are drawn parallel to the direction of the 

* For the purpose of the present argument, it makes no difference whether the 
dipoles are completely oriented as shown in the figure or whether there are a greater 
number of dipoles with a slight preference of orientation in the field direction as 
described in the previous section. 
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force and their number per square centimeter gives the strength of 
the electric force. They are convenient, because, as can be shown, they 
are continuous lines having no beginning and no end except in regions 
where charges are present; therefore, these lines will give an immediate 
picture not only of the electric forces but also of the charge distribu- 
tions, the regions of positive charge being their source and the regions 
of negative charge their termination. A simple example is the field 



e/r^ produced by one positive charge e. The 
lines of force emanating from this charge are 
shown in Figure 5.5(2). The number of lines 
of force crossing any sphere of radius r drawn 

around the charge as center is 47rr = 4x6, 

so that no sources for the lines need be 
assumed except at the position of the charge. 
We can generalize this result and say that 


Fig. 6.5(2). Field produced any positive charge e is the source of 4x6 


by one positive charge. The lines, whereas any negative charge —e 

field is represented by lines termination of the Same number of 

of force. 

force Imes. 


In Figure 5.5(3) the flat cavity perpendicular to the direction of the 
field is shown again with the negative surface charges on the top of the 
cavity and the positive surface charges at the bottom. The additional 
field which these surface charges cause is represented by the force lines 



Fig. 5.5(3). Flat cavity in electric field. The electric field produced by the surface 
charges is represented by lines of force. 


drawn from the positive to the negative charges. These force lines will 
be a set of parallel lines across the cavity having a more complicated 
form near the edges. Since the surface density is equal to P, the num- 
ber of force fines per square centimeter will be 4xP, and the added elec- 
tric field due to the surface charges is 4xP. This added field represents 
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the difference between D and E, and we have therefore 


and 


D - E = 47rP 


D 

K = -~= 1 + 
E 


4:tP 

Ie' 


5.5(1) 

5.5(2) 


5.6 MEASUREMENT OF DIELECTRIC CONSTANTS The 


customary procedure for measuring the dielectric constant is to intro- 
duce a dielectric medium between the plates of a capacitor and to meas- 
ure to what extent capacitance of the capacitor is changed. In Fig- 
ure 5.6(1) a capacitor is shown with its positive plate p~^ and its negative 
plate If the surface density of electricity of the plate is p, then in 
the absence of a dielectric medium in the capacitor, an electric field 
E = 47rp is produced between the plates. The capacitance of the 
capacitor is the charge on its plates pS (S = surface area of capacitor) 
divided by the potential, that is, by the work necessary to carry a unit 
positive charge from the negative 
plate to the positive plate. This work 
is the thickness of the capacitor L, 
times the electric field 47rp, so that 
we get for the capacitance pfi^/47rpL 
= S/^ttL. 

If we now introduce a dielectric 
medium M [shown in Figure 5.6(1) 
by shading] into the capacitor, a 
negative surface charge of density 
47rP will appear opposite the pos- 
itive plate and a positive surface 
charge of the same density opposite the negative plate. In order to 
measure the potential across a capacitor, we have to move a charge 
along a cavity as shown in Figure 5.6(1). This cavity being parallel to 
the direction of the electric field, the force acting on the electric charge 
is E in the dielectric. E is caused by the charge densities both on the 
capacitor plates and on the surface of the dielectric and therefore is 
E = 47rp — 4:tP. Now, according to equation 5.5(1), (K — l)E = 
47rP; adding these two relations, we obtain KE = 47rp. The potential 


1 1 


mm, 

^ + + + + -il' 

E+±±±±i±i±l 


Cavity/ 

Fig. 6.6(1). The shaded area rep- 
resents a dielectric medium. The 
charge density on the plates of the 
capacitor is partly compensated by 
smaller charge densities of opposite 
sign on the adjacent surfaces of the 
dielectric. 


across the capacitor is therefore LE = L 


47rp 

~K 


and the capacitance of 


4iTpL S 

the capacitor pS/—;^ = K . We see therefore that the capaci- 
K 47rL 

tance has become K times as great by the introduction of a medium of 
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dielectric constant K between its plates, and that the dielectric con- 
stant can be obtained by measuring the ratio of the capacitances. 


5.7 DETERMINATION OF DIPOLE MOMENTS If the dielec- 
tric properties of a medium are caused by permanent dipoles, we shall 
have, according to the discussion in section 5.4, for the polarization 
N E(f 

P = Nd = — , and, for the dielectric constant, 

O iCl 


1 P N 

— (K-l) = - = 

47r E 3 kT 


5.7(1) 


This formula for the dielectric constant will have to be corrected later 
since it does not take account of the fact that the dielectric constants of 
nondipole substances with d = 0 have dielectric constants K differing 
from unity. Moreover, it is not true that the dielectric constants of 
dipole substances approach unity at very high temperatures, as would 
be indicated by our formula. The reason for these discrepancies is that 
we have considered the electronic structure of the molecules as rigid, 
thus neglecting their polarizability. The polarizability will give rise to 
a temperature-independent term in the dielectric-constant formula. 
Equation 5.7(1), therefore, represents the temperature dependence of 
the dielectric constant correctly. It may be added that the contribu- 
tion of the permanent dipoles to the dielectric constant is at room 
temperature greater than the contribution of the polarizability except, 
of course, for substances for which the dipole moment is rather small 
(<3C10~^® electrostatic unit). 

The temperature dependence of the dielectric constant of gases can 
be used to determine the dipole moment of the molecules in the gas. If 
one plots the dielectric constant against the reciprocal of the tempera- 
ture, a straight line is obtained, the slope of which, as can be seen from 
47rA^ d^ 

Equation 5.7 (1), is — ^ — , so that d can be calculated readily. It may 

be seen that, although this formula may give accurate values for rather 
large dipole moments, it is difficult to get a good determination of a small 
dipole moment or even to distinguish a small dipole moment from zero. 
If we compare, for instance, the rather large dipole moments 2 X 10“^® 
E.S.U. and 2.1 X 10“^® E.S.U., the d^ values differ by 0.41 X 10“^®; 
on the other hand, if we compare d = Q and d = 0.1 X 10“^^ E.S.U., a 
difference of only 0.01 X 10“^® will be obtained for the d^ values. 

The determination of molecular dipole moments by measurements on 
gases is of course limited to substances with sufficiently high vapor 
pressures; no determination can be carried out in the liquid phase since 
the strong interaction of dipoles of neighboring molecules of the liquid 
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will lead to more or less well-defined molecular complexes, and measure- 
ments of dielectric constants will give some average value of the dipole 
moments of these complexes rather than the dipole moments of the 
molecules themselves. It is more feasible to obtain dipole moments by 
investigating the dielectric properties of dilute solutions. It is impor- 
tant that the solvent should have no permanent dipole moment. 

Even in the dilute solutions, the interaction of the solute molecules 
with those of the solvent affects the results. The solvent may be con- 
sidered as a dielectric, and, as we have seen, the forces that act on 
charges in a dielectric depend on the shape of the cavity in which we 
place the charges. The shape of the cavity, however, will depend on the 
shape of the molecule. Moreover, the orientation of the molecule with 
regard to the electric field causes the cavity for the same molecule to 
resemble sometimes the oblong cavity and sometimes the flat cavity. 
The simplest and most frequently adopted method is to take the averag- 
ing effect of the orientations on the type of cavity into account by using 
a spherical cavity. It can be shown that the field in a spherical cavity 
is then, analogously to equation 5.7(1), the polarization Pa 

due to the dissolved dipoles will be 



where N is the number of dipoles per cubic centimeter. The polariz- 
ability of the dissolved molecules has again been neglected. We can 
[see equation 5.7(1)] set in sufficient approximation for the polarization 
Ps of the pure solvent, 


Ps 


^(Kq - 1) 
47r 


5.7(3) 


where Kq is the dielectric constant of the pure solvent. Introducing the 
total polarization P = + Pdy 

E(K - 1) 

P = — ^ 

47r 


47r \3 3 / SkT iw 


5.7(4) 


which simplifies to 

3(K - 1) _ N(f 3(Ko - 1) 

4x(K + 2) ~ 3^ 4x(K + 2) 

3(K - Ko) _ NdP 
4ir(K + 2) “ ^ 


5.7(6) 

5.7(6) 
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If the polarizability of the solute molecules had been taken into account, 
a temperature-independent term would appear on the right-hand side 
of equation 5.7(5). It is again possible to determine d by plotting 

l/T. 

Table 5.7(1) gives the dipole moments of chlorobenzene in different 

TABLE 5.7(1) 

Dipole Moments op Chlorobenzene, Acetone, and Hydrochloric Acid 



Gas 

CeHw 

CeHe 

CCI 4 

Cyclo- 
CS2 hexane 

CeHsCl 


1.6 

1.56 

1.56 

1.49 1.59 

CH 3 COCH 3 

2.84 

2.71 

2.71 

2.82 


HCl 

1.03 


1.28 

1.32 

1.32 


solvents as obtained by the method just described. The apparent 
agreement of the dipole moments determined in different solvents helps 
to justify the method. A similarly good agreement is found for acetone 
in the same table, and these values also agree with the dipole moment 
as obtained from measurements in the gas. But for hydrochloric acid 
the dipole moment as obtained from measurements in the gas does not 
agree with the values obtained from solutions. This is not too surpris- 
ing, since the theory of determination of dipole moments in dilute solu- 
tions involves rather crude approximations such as treating the solvent 
as a continuous medium and neglecting the influence of the shape of the 
solute molecule. Thus steric effects between the solute and solvent 
molecules are not taken into account, and dipole-moment determina- 
tions are strictly speaking exact only if carried out in the gaseous state. 
As the case of HCl shows, even agreement between values obtained with 
different solvents is no guarantee for the correctness of the values. 

Another method of measuring dipole moments makes use of molecular 
beams. The deflection of a molecular beam in a strongly inhomogeneous 
electric field is studied. The reason for using an inhomogeneous electric 
field is that a homogeneous field does not deflect any uncharged mole- 
cule, since the repulsion and attraction acting on the positive and nega- 
tive charges, respectively, cancel. In an inhomogeneous electric field, 
however, the molecule will be deflected if it possesses a dipole, since the 
positive and negative charges of the molecule will be under the influence 
of somewhat different electric-field intensities. 

Determinations of dipole moments by molecular-beam methods have 
the great advantage of being free from any uncertainty due to interac- 
tion between molecules. A more refined molecular-beam technique 
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makes use of resonance between rotation (or precession) of dipoles and 
an oscillating electromagnetic field. This method is capable of great 
precision. Up to the present it has been chiefly used to determine 
magnetic dipoles. But it eventually may become the best way to obtain 
information about electric dipole moments. 

5.8 VALUES OF DIPOLE MOMENTS Measurements have con- 
firmed the expectation that atoms have no permanent dipole moments. 
Likewise the dipole moments of diatomic molecules containing two 
atoms of the same kind are zero. This holds, even if the two atoms are 
different isotopes, as would be expected (see section 4.4). Diatomic 
molecules containing two different atoms have dipole moments, although 
in the case of such ^^non-polar molecules’ ' as CO and NO the moments 
are not easily distinguishable from the moment zero. Dipole moments 
of some polar molecules are contained in Table 5.8(1). 

TABLE 5.8(1) 

Dipole Moments of Diatomic Molecules in the Gaseous State 


HCl 

E.S.U. (m X 10^8) 
1.03 

HBr 

0.78 

HI 

0.38 

Nal 

4.9 

KCl 

6.3 

KI 

6.8 


It may be seen that halogen hydrides have comparatively small 
dipoles which decrease with increasing atomic weight of the halogen. 
The dipole moment is much smaller than we would obtain by attach- 
ing a positive electronic charge to the hydrogen and a similar negative 
charge to the halogen. The small dipoles are to be actually expected, 
since the hydrogen ion which is a bare atomic nucleus is imbedded in 
the charged cloud of the negative ion and attracts the negative charge 
of the strongly polarizable halogen ion. The alkali halides are more 
polar since the alkali ion retains inner shells of electrons and, according 
to the Pauli principle, cannot penetrate into the halogen ion. Neverthe- 
less the polarizability of the ions reduces the dipole moments. Even for 
the least polarizable of the molecules investigated (KCl) the dipole 
moment is only about half the value obtained if positive and negative 
electronic charges are attached to the alkali and the halogen. 

In triatomic molecules, dipole moments are important because they 
are used to obtain information about the shape of the molecule. Thus 
the absence of a dipole moment in CO 2 and CS 2 confirms the idea of a 
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symmetrical linear molecule. On the other hand, the dipole moments 
of H 2 O, H 2 S, SO 2 , and N 2 O show that these molecules are either non- 
symmetrical or nonlinear [see Table 5.8(2)]. In a similar way the dipole 
moments of ammonia, phosphine, and arsine show that these molecules 
cannot have a plane symmetrical configuration. Table 5.8(2) gives the 
dipole moments of some simpler polyatomic molecules. 

TABLE 5.8(2) 

Dipole Moments of Some Simpler Polyatomic Molecules 



E.S.U. (m X 10^8) 


E.S.U. (m X 10‘*) 

N20 

0.14 

PH3 

0.55 

HCN 

2.6 

AsHg 

0.15 

H2O 

1.79 

CH3CI 

1.97 

H2S 

0.93 

CH2CI2 

1.59 

SO2 

1.61 

CHCI3 

0.95 

NH3 

1.46 




5.9 VECTOR ADDITIVITY OF DIPOLES The dipole moments 
of more complicated molecules can be measured as a general rule only 
in the liquid state. A study of these moments has shown that in many 
cases the net dipole moment of the molecule can be obtained as a vec- 
tor sum of dipoles attached to certain bonds within the molecule. The 
best examples of the operation of this rule are the disubstituted ben- 
zenes. If for instance the two substituents are in the para position, the 
dipole moment should be equal to the difference of dipole moments of 
the corresponding monosubstituted products. Thus p-chlornitroben- 
zene has a dipole moment 2.36 X 10“^^ E.S.U., while nitrobenzene and 
chlorobenzene have dipole moments 3.8 X 10“^^ and 1.55 X 10“^®, 
giving a difference 2.25 X 10“^® E.S.U. If the two substituents are the 
same, the para compound has, of course, a zero moment but the meta 
compound should have the same dipole moment as the monosubstituted 
product since the sum of two vectors of equal magnitude at an angle of 
120° has the same magnitude as either of the vectors. Table 5.9(1) 

TABLE 5.9(1) 

Dipole Moments op Monosubstituted and Metadisubstituted Benzene 
Derivatives in Electrostatic Units. Each Meta Derivative Contains 
only One Type of Substituent 



Mono 

Meta 

Chlor 

1.55 X 10->* 

1.48 X 10-** 

Brom 

1.52 X 10-‘« 

1.50 X 10-** 

lodo 

1.30 X 10-** 

1.27 X 10->* 

Nitro 

3.8 X 10-** 

3.9 X 10-*« 
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gives the comparison between the meta and mono compounds. In the 
case of the ortho compounds vector addition gives a dipole moment 
a/s times as great as for the monosubstituted product. Table 5.9(2) 

TABLE 5.9(2) 

Weighted Dipole Moments of Monosubstituted and Orthosubstituted 
Benzene Derivatives in Electrostatic Units. Each Ortho Derivative 
Contains only One Type op Substituent 



a/s Mono 

Ortho 

Fluor 

2.42 X 10-’* 

2.38 X 10-'* 

Chlor 

2.68 X 10-'* 

2.25 X 10-'* 

Brom 

2.63 X 10-'* 

2.00 X 10-'* 

lodo 

2.25 X 10-'* 

1.69 X 10-'* 

Nitro 

6.75 X 10-'* 

6.00 X 10-'* 


shows this comparison. It may be seen that values for the ortho sub- 
stances are smaller than one would expect. Apparently the closeness of 
the substituents caused a considerable perturbation of the charge distri- 
bution. The vector-addition rule for dipole moments is significant be- 
cause it shows to what extent physical properties of parts of molecules are 
independent of the other parts. It will be seen later that, in molecules 
containing systems of conjugated double bonds, relatively distant parts 
can influence each other, and thus it is surprising that even approximate 
additivity obtains. 

Another consequence of a rigorous rule of additivity would be that 
the dipole moments of all saturated hydrocarbons would be equal to 
zero. It follows from the tetrahedral direction of carbon valencies that 
the CH3 group has the same dipole as the C-H bond and this together 
with the zero dipole of the C-C bond shows that substitution of an H 
by CH3 will not change the dipole moment. By such substitutions all 
hydrocarbons can be obtained from methane which has of course a zero 
dipole moment. That nearly all hydrocarbons actually have dipole 
moments too small to be measured need not be considered as a striking 
confirmation of the additivity of dipoles. The absence of dipole mo- 
ments may be rather a consequence of a small polarity of the C-H bond. 

5.10 ELECTRONIC POLARIZABILITY We shall now investigate 
the influence of external electric fields on the motion of electrons; that 
is, we shall discuss the electronic polarizability. If an atom or a mole- 
cule is placed in an electric field, the electrons will be repelled by the 
electric field, and there will be a greater electron density on the side 
opposite the direction of the electric field. This effect is, however, 



58 


ATOMS AND MOLECULES IN ELECTRIC FIELDS 


rather small as long as the perturbing electric field is small compared to 
the electric fields of electrons and nuclei within the molecule. There 
exists a close analogy between this situation and the orientation of 
dipoles in a weak field. In the latter example it was the temperature 
energy {kT) that prevented all dipoles from lining up in the direction of 
the field. In the case of the electronic polarizability it is the kinetic 
energy of the electrons that takes over the role of the temperature energy. 

It may be recalled that electrons do not fall into the nuclei because a 
localization of the electron position near the nucleus would lead to an 
excessive kinetic energy. The actual distribution of electrons in atoms 
or molecules is a compromise between the tendency of the potential 
energy which favors localization of the electrons and the tendency of 
kinetic energy which favors small values of the momentum and, there- 
fore, according to the uncertainty principle works against localization. 
This compromise between strong forces and high kinetic energies can- 
not be greatly disturbed by weak external forces. The actual electronic 
dipole moment dg, induced in the molecule by the electric field E can be 
written in a form similar to the one we have obtained for the average 
value d [see equation 5.4(3)] in weak fields. To obtain de we must 

1 Ed^ 

replace in the formula, d = - ■— , the permanent dipole moment d by 

o fcl 

the dipole moment which the electron and the nucleus would have at a 
distance of approximately one atomic radius a. We also replace kT by 
the average kinetic energy of the electrons which is roughly of the same 
magnitude as the ionization energy V of the molecule. Since these 
considerations are only approximate, numerical coefficients will be 
omitted, and we obtain • 






6 . 10 ( 1 ) 


The induced dipole moment of the molecule divided by the electric 
field E that caused it is called the polarizability a of the molecule. We 
thus obtain 


a 


de 



E~ V 


5.10(2) 


In the formula for the net dipole moment per cubic centimeter P, we 
now must add the contribution of the polarizability to the contribution 
of the dipole moments, 


P = NEa + 


NE<f 

's~kT 


5.10(3) 
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Thus we obtain, for the dielectric constant, 


4iT 


, P N (P 

(K - 1) = ~ = iYa + 

E 3 kT 


5.10(4) 


Since a is a positive quantity, the dielectric constant will be greater 
than unity even for nondipole substances and also for dipole substances 
at very high temperatures. 


5.11 ANISOTROPIC POLARIZABILITY The rare gases and many 
metallic vapors consist of atoms, the electronic structure of which has 
spherical symmetry. For such atoms one may expect that the induced 
dipole moment will be parallel to the inducing electric field and that its 
magnitude will depend only on the strength of the electric field and not 
on its orientation. 

Molecules have a structure that is not spherically symmetrical so that 
one may expect different polarizabilities according to the orientation of 
the electric field relative to the molecule. Moreover, the induced dipole 
moment is not always parallel to the inducing electric field but will tend 
to include the smallest angle with the direction of greatest polarizability. 
But it still is true that the induced dipole moment is a linear function of 
the inducing field and that it vanishes if the inducing field is zero. We 
may express this fact in terms of the components of the dipole moment 
de and the electric field E along the co-ordinate axes, Xj y, and z, 

dx ~ ^XxPz ~f“ ^xyEy “b ^XzEz 

dy = Oiy^Ex + ^yyPy 4 “ ay,E, 6 . 11 ( 1 ) 

dz = azxEx + OLzyEy + azzEz 

Here axxy otyy^ etc., are constants which take the place of the simple 
polarizability a. For the components of de we write dx, dy, dz, and for» 
the components of the electric field Ex, Ey, Ez- 

This representation, of course, changes in form if a new set of co- 
ordinate axes is used. In the new co-ordinate system both the com- 
ponents of the vectors and the values of the coefficients axx, etc., have 
new values, but the new values of the coefficients axx, etc., are uniquely 
determined by the values of the coeflScients in the original system and 
by the rotation of the co-ordinate axes. One considers the nine coeffi- 
cients as components of one quantity, the polarizability a, just as the 
three numbers dx, dy, and dz are components of d, the induced dipole 
moment. We may write in a symbolical way for the system of equations 

5.11(1), 


d = oiE 


5 . 11 ( 2 ) 
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In this equation d and E are vectors, and a is a quantity with nine com- 
ponents, the characteristic property of which is that they establish 
linear relationships among the components of two vectors. Quantities 
of this kind are called tensors. 

In the specific case of the polarizability tensor, all tensor components 
axxj etc., are not independent. The relations, 

0^x2/ “ ^yx 

^yz ~ ^zy 5.11(3) 


OLzx — (^xz 

exist as can be shown to follow from the idea that a molecule in an 
electric field possesses a definite electrostatic energy and a definite 
energy associated mth the distortion of the electronic structure in 
the electric field. We can also show that, if the relations 5.11(3) hold 
for one co-ordinate system, they must hold for all co-ordinate sys- 
tems. Thus these relations do not represent an accidental property 
of the tensor components but correspond to a property of the tensor 
itself. Tensors with this property are called symmetrical tensors be- 
cause the quadratic scheme, or, as it is called, matrix, of their com- 
ponents is symmetrical with regard to the main diagonal, shown in the 
matrix as a dotted line [see 5.11(4)]. 

(X-XX (Xxy OCxX 

V 

V 

's 

'V 

5.11(4) 

«« OCzy 

Symmetrical tensors have the simple property that if we choose a set 
of co-ordinates 77 , f in an appropriate way, then only the diagonal 
components a,,,,, are different from zero while the nondiagonal 
components vanish. The equations 5.11(1) assume in this 

particular co-ordinate system the simple form: 

= a^^E^ 

dn = 5.11(5) 

di^ = oc^^E^ 

The physical significance of these equations is that there are three 
orthogonal directions, f, f, fixed in the molecule, along which the 
induced moments are parallel to the inducing fields. The three axes 
are called the principal axes of polarizability. Polarizability is con- 
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ventionally represented by a triaxial ellipsoid with semiaxis values 
along the three principal axes. 

It may be seen that, if two of these axes, for example and a,,,,, are 
equal, the ellipsoid reduces to an ellipsoid of revolution, in the example 
around the f axis. In this case any orthogonal axis perpendicular to ^ 
may be chosen as principal axis, and an electric field perpendicular to 
f will always induce an electric moment parallel to itself. The polariza- 
bilities of diatomic molecules are as a rule ellipsoids of revolution. This 
holds also for molecules of lesser symmetry such as benzene; in fact, it 
is clear that if an ellipsoid is to have hexagonal symmetry it must be an 
ellipsoid of revolution. 

If all three principal axes, are equal, the polarizability 

ellipsoid reduces to a sphere; then any direction can be considered as a 
principal axis. The induced dipole moment is always parallel to the 
inducing field, and the polarizability in every direction is the same. 
Not only atoms possess spherical polarizability; in molecules with 
tetrahedral or octahedral symmetry, the polarizability must also possess 
tetrahedral or octahedral symmetry, and the only ellipsoid of that sym- 
metry is a sphere. Spherical polarizability is called isotropic, whereas 
the polarizability is called anisotropic if at least two of the principal 
axes are different. 

For the general case of an anisotropic polarizability the dielectric 
constant K can be obtained in a rough way by assuming that one third 
of the molecules are oriented with their J axes parallel to the electric 
field, one third with their rj axes and one third with their f axes parallel 
to this direction. Then the contribution to the polarization will be 


N N N 


respectively, and we obtain, 


N N 

P = — + — Ea,„ + 


N 

— Eotj-i- “b 

3 


Nd^E 

SkT 


and finally 


with 




N (f 

Na H 

3 kT 


5.11(6) 


6.11(7) 


5.11(8) 


+ 0‘n 


3 


5.11(9) 
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It may be seen that equation 5.11(8) is the same as equation 5.10(4) if 
a in the latter equation is replaced by the mean polarizability 5 . A 
more rigorous argument shows that equation 5.11(8) is correct in spite 
of the rough assumptions made. By measuring the dielectric constant 
of a gas we have a method of finding 5 for the molecules. The same 
holds for a liquid except that in a liquid the polarizabilities of neighbor- 
ing molecules influence each other. From measurements on a crystal in 
which the molecules are oriented, we may get more detailed information 
about the separate components of the polarizability (though again the 
effect of neighboring molecules on each other complicates the picture to 
some extent). In a crystal of sufficiently low symmetry it is not at all 
unusual to find very different dielectric constants along different direc- 
tions. 

For isolated molecules, that is, for a gas, direct experiments do not 
give us information beyond the value of a. A more complicated ap- 
proach using scattering of light and other methods in optics discussed 
in Chapter 10 will give us information on the anisotropy of the polariza- 
bility. But even without further experiments, statements about the 
polarizability ellipsoid can be made using only symmetry properties of 
the molecule. Thus we have encountered ellipsoids of revolution for 
diatomic molecules and for benzene; another example would be ammonia. 
In molecules of lower symmetry such as H 2 O the polarizability ellipsoid 
will have three different axes, the directions of which are perpendicular 
to the molecular plane, parallel to the line joining the two hydrogen 
atoms and along the line bisecting the H-O-H angle. In fact, any axis 
of sy mm etry is a principal axis of the polarizability ellipsoid, and any 
plane of symmetry contains two axes of the ellipsoid. Thus, even for 
molecules of rather low symmetry, information on the orientation of 
the polarizability ellipsoid within the molecule can be obtained from 
very general arguments. 
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6.1 VAN DER WAALS FORCES According to general physical 
chemical evidence, two atoms or molecules weakly attract each other 
at distances of a few angstroms; at smaller distances when the atoms 
‘'touch,'' chemical-bond formation may occur; in the case of saturated 
molecules, however, repulsion will result. 

The weak attraction at great distances is called van der Waals attrac- 
tion, and the strong repulsion at small distances, the van der Waals 
repulsion. We have gained a roughly qualitative insight into the latter 
by pointing out its connection with the Pauli principle; in both its 
nature and magnitude it is similar to the forces of chemical-bond forma- 
tion. Therefore, the van der Waals repulsion will conveniently be 
treated together with the chemical bond. 

The van der Waals attraction on the other hand is primarily an elec- 
trostatic phenomenon due to the dipole moment and polarizability of 
molecules. 

6.2 INTERACTION BETWEEN MOLECULES DUE TO DI- 
POLES AND POLARIZABILITIES. Dipole molecules produce 
strong electric fields which act on other molecules in the neighborhood; 
the molecular electric fields are not homogeneous, and therefore their 
interaction with another molecule will depend on the detailed charge 
distribution in the second molecule. Moreover, electric fields may eman- 
ate from a molecule even if its net dipole moment is zero. But for some- 
what greater distances the orienting effect of the field produced by the 
one dipole on the second dipole will be the strongest reason for interac- 
tion between the two molecules. 

If the second molecule has no dipole moment or even if it is an atom 
and has a spherical charge distribution, it will, because of its polariza- 
bility, interact with the field emanating from the first molecule. We can 
go still further and consider two molecules without dipoles or even two 
atoms with spherical charge distribution from which no electric fields 
should emanate. We shall see that even in these cases polarizability 
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causes an interaction between the molecules. These effects of atomic 
fields mainly due to dipoles and polarizabilities cause the van der Waals 
attraction forces. 

Of these forces, the strongest ones are due, as a general rule, to the 
interactions between dipoles. Molecular polarizability usually pro- 
duces smaller effects. 


6.3 DIPOLE-DIPOLE INTERACTION A dipole of magnitude 
e X I — d produces at a distance r an electric field of the approximate 
magnitude d/r^. From this the interaction between two dipoles is 


readily obtained; the first dipole di produces a field Ei a 


^3 


, r being the 


distance between the two dipoles. The interaction of the second dipole 

d d 

d 2 with this field gives rise to the interaction energy ^ 2-^1 ol . This 

is actually the correct figure for the interaction of two dipoles alongside 
each other. For the two dipoles in a straight line the interaction will 
be doubled. Using for the dipole moments di and ^2 the rather high 
values of 2 X 10”^^ E.S.U. and for the distance the rather small value 
3 A., we obtain for the interaction energy of two dipoles alongside each 
other, 1.5 X erg, which corresponds to 2.1 kcal. per mole; if the 
two dipoles are in a straight line, we obtain 4.2 kcal. for the interaction 
energy per mole. This is the right order of magnitude for the stronger 
kind of van der Waals forces. 


6.4 EFFECT OF TEMPERATURE The dipole-dipole interac- 
tion, as just described, is frequently smaller than the temperature 
energy kT; for weak dipoles this will be the case for all possible distances 
of approach. For the strongest dipoles it will also be so as soon as the 
distance becomes as much as about two molecular diameters. It is then 
no longer permissible to consider the second dipole occupying the most 
favorable position in the field of the first dipole and giving rise to an 
interaction energy d 2 Ei = did 2 /r^^ The temperature will in first 
approximation give rise to uniform distribution of orientations for each 
dipole leading to an average interaction of zero between the two 
dipoles. 

The field Ei = di/r^ causes (see section 5.4), however, a preferential 
orientation of the second dipole ^2 and gives rise to an average dipole 
moment ^2 parallel to Ei and having the magnitude, 
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The interaction of this average dipole moment with the field Ei will be 


1 EiW 1 
3 kT “ 3 fcTr® 


6.4(2) 


Thus we see that, although the dipole-dipole van der Waals energy de- 
creases as (1/r^) in strong fields, it decreases much more rapidly [as 
(1/r®)] in weak fields. The individual molecules still have interaction 
energies proportional to ± dxd^/t^^ according to the relative orientation 
of the interacting dipoles. It is, however, the average interaction energy 

\ importance in weak fields. 


6.5 POLARIZABILITY-POLARIZABILITY INTERACTION In 
discussing the electronic polarizability (section 5.10), we have seen that 
the dipole due to the polarizability is analogous to the average dipole 
due to the orientation of a dipole molecule. Whereas in the latter case 
the temperature motion opposes the orientation of the molecules, in the 
former case the kinetic energy of the electrons within the molecule pre- 
vents the nucleus-electron dipole from lining up with the electric field. 

Amplifying this analogy, the electronic polarizability will give rise to 
interactions between molecules similar to those obtained for dipole- 
dipole interaction in the case of weak fields. The analogy of the strong- 
field case does not arise since the interactions of the electronic dipoles 
of two different molecules are smaller than the zero-point energy of the 
electrons within the separate molecules, which replaces the kT of our 
previous consideration. To obtain the formula for the interaction of 
two molecules not possessing permanent dipole moments we have to 
1 d ^d ^ 

replace in - ^ , di by aiC, ^2 by a 2 e (ai and a 2 are the radii of the 

two atoms) and kT hy ^(Vi + V2), the mean of the zero-point energies 
or ionization energies of the two molecules. Omitting again numerical 
coefficients, we obtain, for the interaction, 


(6aiea2)^ 


6.5(1) 


Since in this formula ai and a 2 are not readily accessible to experiment, 
we express them with the help of the polarizabilities from formula 
5.10(2) and obtain 

6 . 5 ( 2 ) 

(Vi + 
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A more careful calculation on the basis of quantum mechanics shows 
that this formula for interaction should be multiplied by a factor of ^ 
but even so, this coefficient is based on a roughly approximate atomic 
model, and its exact value would vary from case to case and is very 
difficult to determine. 

We see that the interaction potential due to the polarizability of two 
molecules will again decrease with (1/r®). The reason for this interac- 
tion is that the electrons have a weak tendency to prefer configurations in 
the two molecules which make their interaction energy as low as possible. * 


6.6 DIPOLE-POLARIZABILITY INTERACTION The interac- 
tion of the polarizabilities of two molecules has to be taken into account, 
whether or not the interacting molecules have dipoles. If, however, at 
least one of the interacting molecules has a permanent dipole, an addi- 
tional term arises from the interaction of this permanent dipole with the 
polarizability of the other molecule. If both interacting molecules have 
permanent dipoles, this interaction has to be taken into account both 
ways. 

According to the definition of polarizability, an electric field E induces 
the electronic dipole moment, 

de = aE 6.6(1) 

in the molecule. The interaction energy of the polarizability with the 
electric field is aE‘^/2, The reason we get this expression rather than 
Ede = aE"^ is that the electronic dipole de has been created by the elec- 
tric field E and has been increasing along with it as the field E has been 
increased. Therefore, the interaction between electric field and polariza- 
bility will be obtained by multiplying E by de/2, the latter being the 
mean value of the electronic dipole during its gradual increase from the 
initial value 0 to the final value d^. 

The permanent dipole di of the first molecule causes an electric field 
E = di/r^ at a distance r in a direction perpendicular to the dipole; if 
at this distance there is located a second molecule of polarizability ct 2 , 
there will be an interaction energy. 


2 2r® 


6 . 6 ( 2 ) 


If the second molecule is located at a distance r along the line of the 
dipole, then it will be under the influence of an electric field 2di/r^, and 
the dipole-polarizability interaction of the two molecules is 2 a 2 dx/r^. 

* The forces discussed above were first investigated by F. London. The expression 
^^London forces” is often used to describe this interaction. 
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It can be shown that the average value of all dipole-polarizability inter- 
actions at the distance r over all orientations of the dipole with regard 
to the line joining the two molecules is given by 

a2d^ 

Average dipole-polarizability interaction = — — 6.6(3) 

If the second molecule possesses a permanent dipole moment c ?2 in its 
turn, we shall have the further addition to the interaction 

energy. 

6.7 INTERACTION AT SMALL DISTANCES All the formulas 
which have been given in this chapter are idealizations which can be 
used only as long as the molecules are sufficiently far apart. If they 
approach to a distance of one or two molecular diameters, it ceases to 
be permissible to replace the distribution of electricity in a molecule by 
a simple dipole; it then also becomes questionable whether the changes 
of electronic motion can be adequately described by the simple idea of 
polarizability. 

Thus, for instance, carbon dioxide has no dipole moment but has 
probably a strong quadrupole moment with more positive charge near 
the carbon and more negative charge near the oxygens. Two carbon 
dioxide molecules may interact at small distances as strongly as two 
dipole molecules. This interaction will, however, decrease rapidly with 
increasing distance. 

For calculating interactions of big molecules at close approach, it is 
frequently of great advantage not to consider dipole moments or polariz- 
abilities of the molecules as a whole, but rather to take into account 
dipole moments, polarizabilities, and possibly charges attached to the 
different atoms, groups, or regions of the molecule. Thus for the inter- 
action of a nitrobenzene and an aniline molecule it would be a great 
mistake to ignore the localization of dipole moments in the NO 2 and 
NH 2 groups on the periphery of the molecules. Dipole moments, 
charges, and great polarizabilities on the periphery facilitate close 
approach of these effective regions and give rise to particularly strong 
and directed van der Waals forces. 

One well-known example of strong and directed van der Waals forces 
is the so-called hydrogen bond. A hydrogen atom lying on the pe- 
riphery of a molecule is apt to carry an excess positive charge, particu- 
larly if the hydrogen belongs to an OH or NH group. This positive 
charge may strongly interact with a negatively charged region of 
another molecule or even with a negatively charged end of the same 
molecule bent back into the vicinity of the hydrogen atom. The nega- 
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tively charged end being rich in electronic charge is apt to have a con- 
siderable polarizability, and the interaction of the positive charge near 
the surface and the approaching polarizable region further increases 
the attraction. The interaction may become as great as 10 Kcal. per 
mole. The type of interaction is not intrinsically connected with 
hydrogen atoms except for the fact that there are few other atoms, par- 
ticularly in organic molecules, that are apt to lie on the surface of the 
molecule and carry a positive charge. 

Unfortunately, only the polarizability and dipole moment of the 
molecule as a whole are susceptible to direct measurement. A more 
detailed picture of the localization of these quantities in the molecule 
can be obtained only by indirect methods, particularly by comparing 
dipole moments and polarizabilities of different molecules, and by assum- 
ing that the dipole moment and polarizability can be obtained by add- 
ing up characteristic dipole moments and polarizabilities of groups or 
atoms. This kind of reasoning can give, of course, only limited preci- 
sion. Furthermore, the localization of the dipole moment, the distribu- 
tion of charge, and the replacement of polarizability by a more detailed 
picture become essential even for the separate groups in the molecule 
if accurate prediction of the interaction potentials at close approach is 
to be made. There is, however, no general method of finding out these 
properties of separate groups, so that predictions about van der Waals 
interaction for the most important case of close approach, for instance, 
liquids, are strictly qualitative. 

If we add to this picture the uncertainties and difficulties connected 
with the van der Waals repulsion which determines the distances of 
closest approach, it becomes evident that a theory of van der Waals 
forces can be used only as a method to correlate experimental results, 
rather than to predict these forces. 


6.8 ION INTERACTIONS Interaction of ions with each other and 
with neutral molecules is usually not included in van der Waals forces; 
however, we shall add some remarks about them, since the electric 
nature of the forces involved makes the forces and potentials very 
similar to those already discussed. 

The energy of interaction between two ions of charges ei and 62 at the 
distance r, is 6162/^* The interaction energy of a charge 61 with a dipole 
^2 is (ei/r^)d 2 , the factor ei/r^ being the field produced by the charge 
Cl at the position of the dipole. This charge-dipole interaction repre- 
sents the average interaction correctly only if it is big compared to the 

temperature energy kT. Otherwise, it has to be replaced by - ^ 


3 kTr^ 
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The interaction energy between an electric charge ei and a molecule 

of polarizability a 2 is ~ — r - • 

2 r* 


The chemist deals with ions mostly when they are in solution. Their 
interaction energy with the solvent is known as the energy of solvation, 
a quantity which is of importance in calculating ionic equilibria. Treat- 
ing the solvent as a dielectric medium, we obtain for this energy 



6 . 8 ( 1 ) 


where e is the charge on the ion and r is the distance of the solvent 
molecule. This formula can be understood by considering the electric 
energies necessary to concentrate an ionic charge e on the surface of a 
sphere of radius Vq in vacuum and in a medium of dielectric constant 
K. The difference between these two energies is the amount by which 
the electric energy changes if the ion is brought into solution. An ion of 
the charge e may be built up by increasing its charge continuously from 
zero to e; if at one instant the charge is €, then on the surface of the 
ion the potential is e/ro, and it mil require the work ede/vn to increase 
the charge by the amount de. If e is increased from 0 to e, the total 
electrical work is e^/2ro. In a dielectric medium of dielectric constant 
K the infinitesimal work is ede/Kro, and the total electrical work e^/2Kr. 

These energies, of course, depend on the ionic radius r, whereas in the 
difference of energies, equation 6.8(1), we have used for r the minimum 
distance between an ion and a solvent molecule. We have done this 
since at distances smaller than r from the ion the influence of the solvent 
molecules on the electric energy is not fully developed. It is simplest 
to assume that the contribution to the electric energy at distances 
smaller than r is the same for vacuum and for the dielectric. 

Formula 6.8(1) has to be corrected for several reasons. First, if the 
ion is not spherical, the distance of closest approach is different in dif- 
ferent directions, and an appropriate average value has to be used. 
Second, if the solvent molecules are large, it will be preferable to use for 
r the closest distance of approach of the nearest atom in the solvent 
molecule, although this method too may be misleading if the polariza- 
bility or dipole moment, and with it the main contribution of the solvent 
molecule to the dielectric constant, is located in a part of the solvent 
molecule which cannot make close contact with the ion. This brings 
us to the final and most important objection. In the immediate neigh- 
borhood of the ion, it is, as a general rule, not permissible to simplify 
the interaction between solvent and ion by simply taking into account 
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the dielectric constant. This procedure assumes that the dipoles of the 
solvent behave in the same manner in the immediate neighborhood of 
the ion as they do under the influence of an external (macroscopic) field. 
In reality, very close to an ion the fields are strong and will cause in 
many cases a complete orientation of the dipoles which practically 
never happens if an external field is applied. It is, therefore, best to 
take the interaction of the ion and the neighboring molecules individ- 
ually into account whereby attention has to be paid to the shape of the 
solvent molecules and the ion, to the distribution of electrons and 
polarizability in the solvent molecules, and to the interaction of the 
solvent molecules with each other. After the ion has been surrounded 
by a monomolecular layer, it is, as a general rule, safe to take the inter- 
action with the more distant solvent ions into account by using the 


formula 


\ K/2r 


wherein for r will be substituted the radius of 


closest approach of an outside solvent molecule to the center of the 
complex consisting of the ion and the monomolecular layer. 

This more complex method of calculation gives, for dipole solvents, 
smaller heats of solvation than would follow from the straightforward 
application of formula 6.8(1). In fact, formula 6.8(1) would give the 
right result if the average ion-dipole interaction were everywhere given 

However, this interaction has to be replaced by eid 2 /r^ 




^ 3 kTr* 

wherever this latter expression is smaller than the former, that is, near 
the ions. Thus the straightforward application of the formula 


O-k) 


2r 


tends to overestimate the interaction of the ion with the 


neighboring dipoles. 

The effect of the solvent on the interaction of two distant ions can be 
again taken into account by using the dielectric constant. The interac- 
tion energy is Ci62/rK. Having taken the dielectric constant into 
account, we have of course included the change of interaction between 
ions and solvent molecules due to the approach of the two ions. At 
very close distances of two ions where no solvent molecules intervene, 
this formula becomes, of course, inapplicable, and a detailed study of 
the interaction of ions and surrounding molecules has to be made. The 
interaction can be simplified by using dielectric constants only at great 
distances, that is, if many solvent molecules lie between the interact- 
ing ions. 
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7.1 NECESSARY APPROXIMATIONS Chemical-bond forma- 
tion means an essential rearrangement of the electronic structure. The 
problem of the behavior of many electrons all strongly interacting with 
each other and with the nuclei is so complicated that only very drastic 
simplifications will make a discussion and a calculation possible. 

As soon as a really good and simple approximation could be found, it 
woul(f not be difiSicult, by a method of successive approximations, to 
improve it further; however, the method of successive approximations 
has this characteristic property: If the first approximation is good, the 
following approximation will be much better, and the next approxima- 
tion will be excellent. If the first approximation is bad, no further 
approximation means an improvement or is worth the labor. It is by 
no means certain that any of the general methods as yet proposed war- 
rants a calculation of further approximation, except in specific cases. 
Nor is it very probable that the ^Valence problem^ ^ will be solved by 
finding approximations which are both simple and good; the most we 
can hope for is that the specific cases for which good calculations can be 
obtained may become somewhat more numerous. 

In the following, we shall give an outline of the chief simplifications 
that have been proposed. 

7.2 THE ATOMIC-FUNCTION METHOD The atomic-function 
approximation was the first attempt at a theory of valence. It was 
first applied by Heitler and London, whose names are frequently used 
to designate this method. According to this procedure, a molecule is 
represented in first approximation by the unperturbed atomic functions 
with the atoms placed at appropriate distances from each other. For 
the inner electrons, such as the electrons of the K shell in carbon, this 
undoubtedly is a satisfactory procedure, since the energy of bond 
formation is too small to perturb these inner electrons. For the outer 
electrons, however, the approximation seems to be far from justified, 
since the energy of bond formation and with it the interaction of elec- 
trons belonging to different molecules is of the same order of magnitude 
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as the energies of the electrons within an atom. Thus the neglected 
quantities are not small compared to the quantities which have been 
taken into account. This criticism must not, however, be taken as 
specific; it attaches to all methods so far proposed. 

The atomic-function method seems particularly apt for the calcula- 
tion of incipient reactions, that is, for the calculation of the case where 
the atoms are still far apart and are just starting to interact chemically. 
For these large distances the interaction energy is still small and may 
justly be treated as a perturbation. 

Even for large distances, however, the following dij0S.culties are en- 
countered: (1) The electronic structures of the interacting atoms are 
frequently not known with high accuracy, and so the interaction cannot 
be calculated quantitatively. In a few exceptional cases, namely for 
the hydrogen atom, for the helium atom, and to a lesser extent for the 
alkali atoms, the proper functions of the atoms are known, and quan- 
titative predictions for interactions at large distances are possible. 
(2) In most of the interesting cases, one of the interacting partners is 
itself a molecule. The only molecule for which we have a reasonably 
accurate proper function is the hydrogen molecule. Therefore, in- 
cipient electronic rearrangements at great distances — and with it the 
calculation of activation energies according to the atomic function 
method — seem to have a very limited applicability. 

7.3 VAN DER WAALS REPULSION The Heitler-London method 
has led, nevertheless, to an understanding of some very important 
properties of interacting atoms, molecules, and radicals. Frequently 
the first effect owing to the overlapping of the electron distributions 
will be a repulsion. We have mentioned earlier that this repulsion is 
due to the Pauli principle which makes it necessary for the electrons of 
two approaching atoms to get out of each other^s way. The resulting 
force is the van der Waals repulsion. This repulsion will be the only 
strong force occurring if both reacting partners are nondegenerate, or if 
one reacting partner is nondegenerate and the other has a degeneracy 
owing to spin. 

The shape of the repulsion can be obtained for great distances. We 
have seen that in quantum mechanics electrons have a chance to get 
away from the atom, radical, or molecule to which they belong, the 
only limiting factor being that the greater the distance, the smaller the 
wave function, and also the smaller the chance that the electron is 
found at that distance. These extensions of the wave functions towards 
great radii cause the first overlapping of wave functions, and the first 
effects of van der Waals repulsion. 
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An example for the wave function of one electron extending to great 
distances has been given for the hydrogen atom. The expression given 
there, equation 2.1(5), can be written with the help of equation 2.1(3 )l 

^ 7.3(1) 

This formula remains valid for systems other than hydrogen if one 
introduces a change taking into account the difference in the difficulty 
of extracting an electron from the atom, radical, or molecule. The 
energy needed to extract an electron from the hydrogen atom is, accord- 
ing to equation 2.1(4), 27r^me^//i^. If this energy is denoted as the ioni- 
zation energy, F, equation 7.3(1) can be rewritten 

= Ce ^ " 7.3(2) 

which is a reasonable approximation to ^ at large r values for all atoms, 
molecules, and ions, if the appropriate value for the ionization energy is 
used. Of course, although for hydrogen V and the constant C can be 
easily calculated, V has to be determined in the general case experimen- 
tally whereas C can be obtained only from calculations which are either 
difficult or crude. In fact, in the general case C is strictly speaking not 
a constant but a function which varies slowly compared to the exponen- 
tial factor. 

The expression 7.3(2) is valid only as an asymptotic expression for 
great distances r. Its particular weakness is that except for atoms it 
seems difficult to define accurately from which point r has to be meas- 
ured. A simple statement that we can make is that r may be taken as 
the distance from the nearest nucleus in the molecule. Sometimes it 
may be better to use the distance from the nucleus of the most electro- 
negative atom. 

Owing to the spread of electronic proper functions, two effects appear 
as atoms or molecules approach. First, when the wave functions of the 
two molecules overlap, an electron of one molecule might get within the 
electronic cloud of the other molecule and into the attractive region of 
the nucleus of the second molecule. This is represented in the calcula- 
tions by the “coulomb integral.’^ The second effect which is another 
consequence of the overlapping is due to the operation of the Pauli 
principle. It is represented in the calculation by the exchange integral. 
The coulomb integral causes attraction; the exchange integral for the 
case of nondegenerate interacting systems or for the case of spin de- 
generacy of only one partner causes repulsion. This repulsion outweighs 
the coulomb attraction. 



74 


THE CHEMICAL BOND 


All the interactions mentioned will be proportional to the probability 
for the electron which is most easily ionized to penetrate into the struc- 
ture of the second reactant. This probability is 

^2 ^ ' 7.3(3) 

Here we have to substitute for F the ionization energy of the most 
easily ionized molecule. In fact, the wave function of the molecule 
with the smallest ionization energy extends farthest and determines at 
large distances the overlapping of the wave functions. The expression 
7.3(3) shows that the van der Waals repulsion changes exponentially 
with the distance. If the minimum ionization energy is comparatively 
small, the van der Waals repulsion has a large range. As to its absolute 
magnitude, only rough estimates are possible; it seems to be preferable 
to determine it experimentally from the equilibrium distances of atoms 
or molecules, that is, from the point where van der Waals attraction 
and repulsion forces balance. Again, as in the case of van der Waals 
attraction, the approximate formula which we are able to give for the 
van der Waals repulsion retains no more than a qualitative significance 
in the most interesting region of close approach. 

7.4 ATTRACTION IN THE HEITLER-LONDON MODEL If 
both the interacting groups have a spin degeneracy, or if at least one of 
them has a degeneracy depending on the orbital motion of the electrons, 
then, as the two groups approach, the degeneracy will at least partly be 
removed. By this, we mean that, instead of several states having the 
same energy, at least some of them will now have a different energy. In 
such cases we say that the degenerate levels are split. As a general rule, 
at least one of the new levels obtained will have a lower energy than it 
had originally. That means attraction will result for this particular 
state. 

As a special example, we shall cite the interaction of two hydrogen 
atoms. This example has played a particularly important role in the 
development and discussion of the atomic-function method. The elec- 
trons in the hydrogen atom have a twofold degeneracy because of their 
spins. These spins can orient themselves in opposite directions, giving 
rise to a nondegenerate (singlet) state; on the other hand, they may line 
up in the same direction, giving rise to a threefold degenerate (triplet) 
state.* Heitler and London have shown that the former state leads to 

* Nondegenerate, twofold degenerate, threefold degenerate, etc., states are called 
singlet, doublet, triplet states if the degeneracy is due to the electronic spin (see 
Section 11.4). 
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attraction, the latter to repulsion. Moreover, the attraction has the 
right order of magnitude, though, according to their rough calculations, 
it is not in quantitative agreement with the energy of formation of the 
hydrogen molecule. 

They furthermore showed that, if any two atoms have only spin de- 
generacy, the lowest state which one obtains, that is, the one correspond- 
ing to the strongest attraction, will as a general rule be the one where 
the spins of the two atoms are oriented in opposite directions. 

One seeming objection that can be raised against the atomic-function 
theory is that it predicts repulsion between some atoms which, accord- 
ing to chemical ideas, possess valences and actually form compounds. 
Thus the atoms of the alkaline-earth metals are nondegenerate in their 
fundamental state and should therefore repel each other. But not 
much energy is necessary to reach a higher excited state of an alkaline- 
earth atom. If we forget about this relatively small excitation energy, 
we obtain a degenerate state which is capable, according to Heitler and 
London, of giving rise to attractions. If, then, the work done by this 
attraction becomes greater than the excitation energy which we have 
originally neglected, we shall have arrived at an actually stable state. 
This can occur only at comparatively small distances where the work 
of attraction has become great. At large distances the repulsion due to 
the original nondegenerate state must predominate. This gives an 
explanation for activation energies which in its general features we 
believe to be correct. If, however, for the actual bond formation more 
than the fundamental state of the reacting atoms must be taken into 
account, as has been the case in the example cited previously, the 
simplicity and with it the usefulness of the atomic function picture 
suffers. 

7.5 H + H 2 REACTION An interesting application of the method 
here discussed is the treatment of the reaction II 2 + H ^ H + H 2 . 
The occurrence of such a reaction can be experimentally followed by 
the use of isotopes or by following the ortho-para hydrogen conversion 
under appropriate conditions. 

In the initial state, two hydrogen atoms form a molecule mth the 
electron spins pointing in opposite directions and making up a singlet 
state; the third hydrogen atom is at a greater distance. In the final 
state, the second and third hydrogen atoms form the molecule in the 
singlet state, and the first hydrogen atom is far away. 

In the course of the reaction, a state or reaction complex has to be 
formed in which all three hydrogen atoms are close together. Of all 
such possibilities the one with the lowest energy has to be selected. It 
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has been shown that the lowest energy occurs when the three hydrogen 
atoms are on a straight line: 

<— • • <— • 

12 3 

When the third hydrogen atom approaches the second, the first will be 
pushed away. 

Both rough calculations and experiments show that the activated 
complex has an energy a few kilocalories higher than the initial or final 
state. These few kilocalories constitute the activation energy of the 
reaction. 

It is interesting to note that, according to the positive value of this 
activation energy, a hydrogen atom is repelled if it approaches a hydro- 
gen molecule. In fact, the hydrogen molecule acts initially in the same 
way as a closed shell, repelling any electronic structure that approaches 
it. That the hydrogen atom can most easily approach in the direction 
of the axis of the molecule is due to the fact that in this way the over- 
lapping of the electron clouds between hydrogen atom and hydrogen 
molecule is the least; in fact, such overlapping takes place primarily 
between the electron of the third hydrogen and the electron of the 
second hydrogen with which it is going to form a bond. If the hydrogen 
atom were to approach in the symmetry plane between the two atoms 
of the molecule, it would overlap the electron cloud of the hydrogen 
molecule at the point where it is densest and, in doing so, would un- 
necessarily overlap the electron cloud of the first atom. 

These calculations have illustrated both the saturation character of 
valence forces as derived from the atomic-function method, and also 
the applicability of this method to calculate activation energies. For 
heavier atoms, however, similar calculations become much more diffi- 
cult. For practical purposes several of the constants necessary for the 
calculation may be obtained with the help of analogy considerations and 
empirical data. 

7.6 MOLECULAR-ORBITAL METHOD In building up the states 
of atoms by successively adding electrons into certain orbits and obtain- 
ing the periodic system, we have assumed that the motion of the elec- 
trons can be considered as independent. More exactly, we have assumed 
that the electrons act on each other only by their average fields, and we 
furthermore assumed that this average field does not modify the spheri- 
cal symmetry of the field. The molecular-orbital method proceeds 
along similar lines. We shall consider first the wave functions of the 
separate electrons in the field of the nuclei; a correction must be made 
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on the nuclear field because of the presence of the other electrons, and 
the assumption is made that this changes the quantitative features of 
the field, but not its symmetry. Finally, we shall have to consider the 
order of electronic levels and the filling up of closed shells, just as in the 
atomic case. 

The main difference between the atomic and molecular cases is that 
for molecules we have a much lower symmetry. Thus for diatomic 
molecules for which the molecular-orbital method has been worked out 
in greatest detail, instead of the spherical symmetry of the atoms, only 
cylindrical symmetry appears. The same holds for any linear molecule 
such as acetylene or hydrogen cyanide. For a nonlinear triatomic 
molecule only one or two planes of symmetry remain, and for many 
other molecules no symmetry at all is left. 

An important consequence of the lack or lower degree of symmetry is 
that in the molecular case degeneracy will be absent or, at any rate, of 
less importance than in atoms. We recall that degeneracy means that 
several electronic orbits or wave functions belong to the same energy. 
Unless due to chance, such degeneracy will be caused by the symmetry 
of the problem, that is, by the fact that several orbits or wave functions, 
though different in space, can be reduced to each other by reflections or 
rotations of the molecule and can therefore not be different in energy. 
Actually, in order to obtain degeneracy, a rather high degree of sym- 
metry is required, such as, for instance, the cylindrical symmetry of a 
diatomic molecule. Even this cylindrical symmetry is going to cause 
degeneracy which is not higher than twofold, whereas in the atomic 
case the p, d, /, etc., electrons have 3, 5, 7, etc., -fold degeneracy. Fill- 
ing all orbits of a degenerate set is equivalent to filling a closed shell. 
The result is that in molecules there is room for fewer electrons in a 
closed shell, and there are correspondingly more closed shells with 
smaller energy differences between them. It is, however, just the great 
difference between the energies of consecutive closed shells on which 
the applicability of the independent electron picture hinges. It may 
be remembered that the atomic-orbital method used in constructing 
the periodic system gave simple and clear-cut results only in those cases 
where the shell, being filled up, was lying much lower than any other 
electronic state. If two states of different kind have comparable ener- 
gies, the more complicated situation of the transition elements is ob- 
tained; because of the denser spacing of closed shells, this kind of a 
complication will be a rule rather than an exception in the molecular- 
orbital method. A further complication arises from the facts that a 
new variable, namely, the nuclear distance, is introduced, and that the 
order of consecutive closed shells might be different for different nuclear 
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separations. These reasons explain the difference in practical use of 
atomic- and molecular-orbital methods. The former is the generally 
accepted starting point for the theory of atomic physics, particularly 
atomic spectra; the latter, though very useful in some cases, can only 
be considered as one of the ways to tackle the problem of molecular 
structure. 

In comparing the molecular-orbital method with the atomic-function 
method, we find that the former is more adapted to give a description 
of the molecule in its stable state in which at least some of the electrons 
are under the influence of both nuclei; in the atomic-function method, 
on the other hand, the emphasis lies on the formation of the molecule 
from separate atoms. 

Another practical difference between the two methods is the greater 
flexibility of the molecular-orbital method; this flexibility is obtained by 
starting from semiempirical wave functions and energy levels instead of 
using calculations throughout. Thus, information as to the behavior 
of molecular orbits is frequently obtained by interpolating between the 
two cases of infinite nuclear separation and zero nuclear separation, 
these cases being known from atomic spectra. Also the results can be 
checked and the assumptions corrected by comparison with the spectra 
of diatomic molecules. The success of the method in the hands of its 
originators, Hund and Mulliken, was due to constant guidance by em- 
pirical data. The spectra of molecules of the first row of the periodic 
table have been particularly thoroughly discussed. 

The molecular-orbital method recognizes and, in fact, overemphasizes 
the fluctuation of the probability of charge distribution in molecules. 
In the Heitler-London method each electron belongs to one definite 
atom; in the Hund-Mulliken method the electrons are in first approxi- 
mation free to move throughout the molecule. This means that ionic 
states are used with the same weight in building up molecules as atomic 
states. Of course, the independence of the motion of the electrons is 
rather strongly restricted even in the Hund-Mulliken method by the 
exclusion principle which always guarantees that no more electrons 
can be present near an atom than the closed shell, which is being filled 
up in that atom, can hold. Thus, at least for saturated molecules, the 
atomic-function and molecular-orbital approximations lead to less diver- 
gent results than would perhaps be expected. 

7.7 THE TUNNEL EFFECT Greater Nuclear Separation. — ^We 
first shall have to consider the orbit or rather the wave function of an 
electron in the field of two similar atomic nuclei: for example, two hydro- 
gen nuclei. This wave function will depend on the distance of the nuclei, 
and it will be necessary to investigate the effect of this distance. 
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Let us suppose that the distance is very great compared to the radius 
of the hydrogen atom, and let us ask then how a system consisting of 
two such nuclei and one electron will behave. Evidently the electron 
will be attached to one or the other nucleus, so that we have a hydrogen 
atom and a hydrogen ion. In Figure 7.7(1)^ the electron has been 
attached to nucleus 1, the proper function being that of the hydrogen 
atom. In Figure 7.7(1)J?, it is similarly attached to nucleus 2. 

Now neither of these two states represents, strictly speaking, a sta- 
tionary state. The wave function in A overlaps the wave function in 
B. Therefore, the electron may assume nositions at which it cannot be 



1 A 2 



1 B 2 

Fig. 7.7(1). Two hydrogen nuclei and the wave function of one electron attached 

to one of the nuclei. 


decided whether it belongs to nucleus 1 or nucleus 2. It can be actually 
shown that, if we start with the electron in the state shown in .4, it will 
after some time go over into the state B, If the two nuclei 1 and 2 are 
very far from each other, the statements just made imply a rather sur- 
prising result. We start with a hydrogen atom at one point and a 
hydrogen ion at a point one centimeter away, and later we find that the 
electron has escaped from the hydrogen atom, leaving a hydrogen ion 
behind, and has attached itself to the former hydrogen ion, transform- 
ing it now into a hydrogen atom. In order to do so, the electron must 
pass through the region of high potential energy between the nuclei 
where, according to classical ideas, the electron can never be found. 
Actually, even according to quantum mechanics, the electron is found 
between the two nuclei only with a very small probability at any given 
time. Nevertheless, after sufficient time has passed, the electron will 
be found with a probability practically equal to unity near the second 
nucleus. The name for this effect, the tunnel effect, is based on the 
picture that the electron has leaked through the potential barrier that 
exists between the two nuclei. 

The apparent absurdity of this fact is greatly reduced if some actual 
numbers are considered. A calculation of the time in which the transit 
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tion of the electron is completed can be made, using the approximate 
formula, 


±?L 


7.7(1) 


where r is the distance of the two nuclei and a (0.53 A.) is the radius of 
the hydrogen atom. If the distance of the two atoms is about 1 A., the 
time the electron will take to go over to the other nucleus is approxi- 
mately 10“^^ sec.; at a distance 10“*^ cm., the time necessary will be 
one second; at a distance of 2 X cm., the time will be approxi- 
mately equal to the age of the earth. The time that is necessary for 
an electron to get to a proton at a distance of one centimeter will be 
^0164,000,000 ggg Qj. 2^0164,000,000 y0a^j.g^ difference between the two 

statements being much smaller than the error in the physical constants 
from which we calculate the exponents. 


7.8 MOLECULAR-ORBITAL FUNCTIONS FOR THE H2+ ION 
The actual proper functions for the stationary states of the H2”^ ion 
(for which the probability distribution of the electron does not change 




Fig. 7.8(1). Diagram of the proper functions for the lowest bonding state (A) and 
the lowest antibonding state (B) of the H 2 '^ ion. 

with time) are obtained by adding and by subtracting the two proper 
functions, A and B, shown in Figure 7.7(1). Thus we obtain Figures 
7.8(1)A and B, 

In each of these states the electron is with the probability 0.5 at 
nucleus 1 and with the probability 0.5 at nucleus 2. If the nuclei are 
very far apart, the proper function will stay very close to zero over a 
long distance between the nuclei; however, for the state represented by 
A in Figure 7.8(1), the proper fimction never actually becomes zero. 
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whereas, for B in Figure 7.8(1), the proper function vanishes or has a 
node in the plane of symmetry between the two nuclei. In B only one 
point of this plane is represented, namely, the point bisecting the dis- 
tance between nucleus 1 and nucleus 2. 

The difference of energy between the states represented by A and 
B in Figure 7.8(1) becomes very small for great separation of the nuclei. 
If, however, the nuclei come closer together, the difference in energy 
will become appreciable; this is so for two reasons acting in the same 



B 


Fig. 7.8(2). H 2 '*" ion. Diagram showing the probability of finding the electron at 
various points on the line joining the two nuclei. The probability vanishes at the 
mid-point between the nuclei in the antibonding state (B) but does not vanish in the 

bonding state {A). 

direction: (1) In A there is a greater chance for the electron to be be- 
tween the two nuclei where the potential energy is relatively low; this 
is illustrated by A and Bj Figure 7.8(2), giving the square of the ^ 
function, that is, the probability of finding the electron at various 
points along the line joining the two nuclei. (2) The kinetic energy of 
the electron will be all the greater, the shorter the wavelength of the 
wave function. Now Figure 7.8{l)B with the node in the center of the 
two nuclei can be represented by a superposition of shorter waves than 
Figure 7.8(1)A; in fact, if we push the nuclei close enough together in 
Figure 7.8(1)J5, both a short wavelength and an absence of electron 
density in the region of low potential energies becomes very apparent 
[see Figure 7.8(3)]. The curve marked ^ shows that the wave function 
behaves like a short wave while the curve exhibits the low probability 
of finding the electron in the region of low potential energy lying be- 
tween the two nuclei. 

If we finally bring the two nuclei to coincidence, then we actually 
obtain a twofold charge which acts on the electron in the same way as 
the nucleus of the helium atom. The wave function shown in Figure 
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7.8(l)-4 goes over into the wave function Is, that is the lowest state of 
the helium atom. The wave function shown in Figure 7.8 (2)5 will, 
however, have a node passing through the helium nucleus; it will be, 
therefore, a 2p function. The energy difference between these two is 
known to be 40 volts. For actual nuclear distances occurring in mole- 
<;ules, of course, no such great energy differences will be obtained for 
the states shown in Figure 7.8(1)A and 5. It may be said, however, 
that it is the incipient promotion of a Is electron (fundamental state) of 
a hydrogen atom into a 2p electron of a helium atom that causes the 
energy difference between the actual states represented in A and 5. 



Fia. 7.8(3). Wave function (curve ^) and probability density (curve ^^) for the 
antibonding state of the H 2 '^ ion with the nuclei close together. 

The energy difference of the two wave functions represented in Fig- 
ure 7.8(1) is closely related to the time necessary for the tunnel effect. 
The consideration is the same as has been given for the superposition 
of a Is and 2p state of a hydrogen atom. This is explained in the next 
paragraph. 

7.9 ENERGY DIFFERENCE AND TIME IN THE TUNNEL 
EFFECT We designate the proper function shown in Figure 7.8(1)A 
by yj/a and the corresponding energy by Ea; similarly, the V' function and 
energy for Figure 7.8(1)5 by \pb and Eb* The time-dependent ^ func- 
tions will then be 

ZiriEai 

fae * 
yl^be * 


According to our general statements, we may superpose these two func- 
tions; that is, we may multiply by any constants and add. We choose 
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both constants as unity and obtain 

2TriEat 2inEbt 2iri E at / 2iri(Eb-Ea)t \ 

\pae ^ ^ = 6 ^ \\l/a + * ) 7.9(1) 


For the time t = 0 the expression reduces to \pa + which, as is seen 
from Figure 7.8(1), is the function represented in Figure 7.7(1).4; that 
is, for ^ = 0 the electron will be on the first nucleus. 

The superposition of ypa and \l/b has thus concentrated the electrons 
on the first proton and has effected a localization of the electron into a 
smaller region than would be obtained by either \l/a or ^5. To that 
effect, however, both ypa and have to be used, which means that we 
can localize the electron more exactly by sacrificing our knowledge of 
whether it is in the quantum state corresponding to ypa or in the quan- 
tum state corresponding to i/'b. 

The function 7.9(1) changes with time rapidly, owing to the factor 

2nEat 

e ^ , but this does not influence the probability distribution of the 

2Tn(Eb — Ea)t 

electron. The slowly changing factor e ^ will influence the 

h 

probability distribution. At the time t = — — — the latter ex- 

2(^6 Aa) 


ponent has the value, 


2Ti(Eb — 


Ea) 


h 


2(E, - Ea) 


h 


= wi 


and = —1. Thus the expression in the bracket in equation 7.9(1) 
will have changed after a time, t = - — — , to — 4^b which 


h 


2(Eb - Ea) 

gives the function shown in Figure 7.7(1)^; that is, t = — is 

2\Eb Ea) , 

the time necessary for the electron to get from the first nucleus to the 

h 

second. It may be seen that in twice that time, t = — — , the 

Eb Ea 


electron is found again near the first nucleus and that it will continue 
to oscillate between the two states with that period. This oscillation, 
however, does not correspond to a stationary state but rather to a 
transition between the two stationary states with the energies Ea and 
Eb- Indeed, the frequency which must be radiated in such a transition. 


y — ^ ^ ^ jg reciprocal of the period t = 


h 


which we 


h ' " " Eb-Ea 

have just calculated. It may be noticed that, if the two hydrogen 
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nuclei are separated, the energy difference Eh — Ea becomes small at 
the same rate as the time necessary for the tunnel effect increases. 

With the help of the expression 7.9(1) it is possible to follow the 
change of the wave function during the time interval between 
h 

i = 0 and t = — • In this time interval the wave function 

^ — Ea) 

will be different from zero near both the first and second nuclei. The 
wave function near nucleus 1, and with it the probability of finding the 
electron near nucleus 1, decreases steadily. The wave function and 



t 

Fig. 7.9(1). H 2 '^ ion. Curves A and B show the probabilities of finding the electron 
on the first and second nucleus, respectively, as a function of time. 

probability at the second nucleus increase correspondingly. In the 

following time interval from t = — — - - to t = — — the proc- 

2{Eh — Ea) Eh — Ea 

ess is reversed. The probabilities of finding the electron on the first and 
second nuclei are illustrated in Figure 7.9(1). 

If the two nuclei are far apart, the probability of finding the electron 
at the one or the other nucleus adds up at all times to almost exactly 
unity. The probability of finding the electron for instance midway 
between the two nuclei becomes very small though not exactly equal to 
zero. Thus we cannot say that the electron moved from one nucleus to 
the other on anything like an orbit, but rather we will have to picture 
the probability function of the electron as leaking from one nucleus over 
to the other through a region in which the probability density is small. 
The smaller the probability density in the intervening region, the slower 
will be the leakage. 

7.10 HYDROGEN MOLECULE We now proceed to consider the 
hydrogen molecule, consisting of two nuclei and two electrons. The 
lowest state will be obtained if both electrons are put into the symmetri- 
cal ypa function shown in Figure 7.8(1 ).4. The energy of such a state 
will be lower than that of two separate hydrogen atoms, because the 


energy of the smooth ypa function is lower than that of the atomic proper 
functions. A quantitative calculation of the binding energy remains 
very laborious, however, particularly because of the interaction of the 
two electrons. 

Since we have put two electrons into the same state, we must assume 
that their spins are opposite and that we have a singlet state. This 
agrees with the statement made in connection with the atomic-function 
method. 

There exists, however, an important difference between the two 
methods. In the atomic-function method each atom had one electron 
to start with, and the fact that each of these electrons can get over to 
the neighboring atom has been treated as a perturbation. In the 
molecular-orbital method each electron can move in first approximation 
freely within the molecule. The fact that the electrons repel each other 
and therefore try to avoid being at the same atom may be taken into 
account later as a perturbation. 

For small distances and probably for the equilibrium distance of 
hydrogen the molecular-orbital method is the better approximation; 
for great distances, however, the atomic-function method is better, 
being adapted specially for this case. If the molecular-orbital method 
were applied to distant atoms, we would be led to the result that the 
probability of the presence of an electron near a nucleus is independent 
of the question whether an electron is already there; thus we include in 
the description of the two hydrogen atoms the ionic case where both 
electrons are on the same hydrogen; for great distances this is evidently 
a very poor approximation to the lowest state. 

7.11 He 2 ’*' We consider two helium nuclei and three electrons, that is, 
a system carrying, as a whole, one positive charge. Two of the electrons 
can be put into the same low states which have been filled in the hydro- 
gen molecule. The third electron will have to be put into the state 
shown in Figure 7.8 (1)5, for which there is a node in the symmetry 
plane between the two nuclei. The two first electrons cause an attrac- 
tion; the energy of the last electron, however, will be raised when the 
two nuclei approach so that it will cause a repulsion. The first two 
electrons are, therefore, called bonding electrons, and the third an anti- 
bonding electron. 1102 "^ is known in spectroscopy and is a stable mole- 
cule, though its binding energy seems to be smaller than that of the 
hydrogen molecule. The equilibrium distance is 1.09 A. which is greater 
than the distance of the protons in H 2 (0.75 A.). The greater equilibrium 
distance and the smaller binding energy are due to the presence of the 
antibonding electron. 
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7.12 THE He 2 MOLECULE In the He 2 molecule, consisting of two 
nuclei and four electrons, two electrons can be put into the bonding 
state and two into the antibonding state. Without more detailed calcu- 
lations we cannot say whether attraction or repulsion will result. The 
atomic-function method, however, shows the presence of repulsion at 
large distances, and general empirical evidence excludes the existence of 
a He 2 molecule.* 

We have here the first example of a general empirical rule. If the 
number of bonding electrons is equal to or smaller than the number of 
antibonding electrons, repulsion will be obtained, whereas attraction is 
expected if the number of bonding electrons is greater. 

With the four electrons in He 2 we have completely filled the two 
states, represented in Figures 7.8(1)A and H, which have been derived 
from the Is atomic orbits. Because of this circumstance it may be 
seen that for the He 2 molecule the molecular-orbital method will give a 
reasonable electron distribution even for a great interatomic distance. 
In fact, for great distances no electron can be in a state other than Is 
near one of the nuclei, these being the only atomic orbits that have 
been used to make up the molecular orbits. On the other hand, a con- 
sequent quantum-mechanical treatment of the Pauli principle prevents, 
in any one of the approximations used, the appearance of more than two 
electrons in the same state. Therefore, the only state at which we can 
arrive for great interatomic distances is a state with two Is electrons 
near each of the helium atoms. This is a great convenience for the fol- 
lowing discussion. If we pass to heavier atoms containing more elec- 
trons, it will make no difference whether we treat the Is electrons by 
the molecular-orbital method or simply distribute them into the K shells 
of the nuclei; in fact, for heavy atoms the interatomic distance will 
always be great compared to the radius of the K shell, so that for the 
Is electrons we are practically always in the case of great interatomic 
distances, all approximations leading to the same result: complete K 
shells with practically no interaction. 

7.13 Li 2 AND Be 2 We have seen that in the periodic system the 2s 
electrons are being filled in after the Is electrons. From the 2s atomic 
orbits we can construct bonding and antibonding states in the same 
way as from the Is orbits for hydrogen and helium. The only difference 
is that in the case of the 2s electron there is a spherical node around the 
nucleus which is absent for the Is electron. This, however, does not 
affect the ways in which the wave functions of the two atoms can be 

* He 2 molecules in the gas are merely bound by very weak van der Waals forces 
owing to the interaction of polarizabilities as discussed in Chapter 6. 
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combined nor the type of binding or repelling forces that result. Thus 
the Li 2 molecule may be described in a similar way to the H 2 molecule. 
There is one difference in a quantitative respect. The wave function 
of lithium is spread out over a greater distance than that of hydrogen; 
therefore, the average potential energies will be smaller for the 2s 
electron of lithium than for the Is electron of hydrogen. Because of 
the greater wavelength and smaller momentum involved, the same holds 
for the average kinetic energies. Thus, for Li 2 a greater equilibrium 
distance and a smaller binding will be found than for H 2 . 

For Be 2 repulsion has to be expected because of the analogy with 
He 2 . Because of the possible influence of the 2p state which does not 
lie much higher than the 2s state, it might, however, happen that at 
smaller distances attraction and formation of a stable molecule will 
occur. 

Experimentally the Li 2 molecule has a binding energy of 1.14 elec- 
tron volts which is indeed smaller than the 4.45 electron-volt binding of 
H 2 . The distance^ 2.67 A., of the Li nuclei in Li 2 is quite great com- 
pared to the 0.75 A. distance of the protons in H 2 . A Be 2 molecule has 
so far not been observed. 

7.14 MOLECULAR ORBITS OBTAINED FROM p ELECTRONS 
After beryllium, the p states of the atoms are filled up in the periodic 
system. There are three degenerate p states, each of which has a plane 
node passing through the nucleus. 

Out of each one of these p states we can obtain two molecular states 
by taking two corresponding p states in two neighboring atoms and 
adding or subtracting them. Thus we may take a p function in both 
nuclei with nodes perpendicular to the molecular axis and take the sum 
or the difference. The resulting wave functions will have cylindrical 
synunetry around the axis. If the nuclei are brought closer together, 
the position of the nodes will change; thus the 2p nodes will cease to be 
plane and will no longer pass exactly through the nuclei, but the wave 
function will retain its cylindrical symmetry, and, if by subtracting the 
two states (antibonding state) we have produced a node in the plane of 
symmetry, this node will remain in this plane of symmetry. Wave func- 
tions with cylindrical symmetry are called <r functions. In a <r state the 
electron has no angular momentum around the molecular axis. This 
statement is analogous to that made earlier about s states in which the 
electron did not have an angular momentum around any axis. All 
states that have been discussed for H 2 , He 2 , Li 2 , and Be 2 were cr states; 
in fact, states built from s states are necessarily a states, whereas, if we 
combine p states, which themselves possess an angular momentum, we 
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may get <t states only if the angular momentum has no component 
around the molecular axis. 

Out of a p state we may also obtain states called tt states having an 
angular momentum equal to around the molecular axis. These 
TT states are obtained by taking p states of the two atoms with a node 
passing through both nuclei. These p states can then be added or sub- 
tracted, giving bonding or antibonding states. The bonding w states 
will have one node through the two nuclei; the antibonding tt states 
will have in addition a second node in the plane of symmetry between 
the nuclei. For any tt state there are two independent degenerate pos- 
sibilities; one degenerate function transforms into the other by rotating 
its node, which passes through the nuclei, by 90 ° around the molecular 
axis. A similar situation has been discussed for p states where three 
independent possibilities have been found, each of which has a node 
passing through the nucleus. 

The reason for the presence of two degenerate tt states may be de- 
scribed in an alternate way: The electron may rotate clockwise or 
counterclockwise around the molecular axis. 

7.15 B, C, N, 0 , F, Ne We have constructed six molecular states out 
of the three p states, a bonding cr state, an antibonding a state, two de- 
generate bonding p states, and two degenerate antibonding p states. 
Each of these states can hold two electrons, and these 12 electrons are 
filled in, in sequence from B2 to Ne2, inclusive. We shall expect that 
the first six electrons will go into the three bonding states bringing about 
an increasingly strong binding. Thus, the molecules B2 and C2 should 
be stable and are indeed observed spectroscopically. That they are not 
common molecules is probably due to the fact that these elements have 
very stable solid forms. The most stable molecule in the series should 
be N2 with three pairs of bonding electrons. Its stability is borne out 
by its high binding energy, small internuclear distance, high vibrational 
frequency, and general chemical behavior. In fact, the electrons in its 
structure occupy low lying states and can be excited only by relatively 
high energy quanta. Thus the behavior of the electron cloud will be 
similar to that of a rare gas. C2 and B2 having fewer bonding electrons 
have smaller binding energies, greater nuclear distances, and smaller 
vibrational frequencies. From nitrogen to neon, antibonding electrons 
are added; in the sequence O2, F2, Ne2, the binding energies and vibra- 
tional frequencies decrease, and the interatomic distances increase in a 
regular manner. In fact, for Ne2 the binding energy has become zero 
and the distance infinite, further supporting the rule that no binding 
results if the number of bonding and antibonding electrons is equal. 
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In Table 7.15(1) the known binding energies, interatomic distances, 
and vibrational frequencies are given for the molecules B 2 to F 2 and for 
some of the positive molecular ions. In the last column the difference 
of the number of bonding and antibonding electrons is given. 

The role of the antibonding electrons can be illustrated nicely by 
considering the O 2 ion. Ordinarily the positive ion of a diatomic mole- 
cule has a smaller binding and greater internuclear distance than 
the neutral molecule; thus, in the case of N 2 and N 2 '^, the internuclear 

TABLE 7.15(1) 

Difference 
Between 
Number of 



Binding 

Interatomic 

Vibrational 

Bonding and 


Energy in 

Distance 

Frequency 

Antibonding 

Molecule 

Electron Volts 

in A. Units 

in Sec.-' 

Electrons 

B 2 

3.6 * 

1.59 

3.15 X 10'* 

2 

C 2 

5.5* 

1.31 

4.92 X 10'* 

4 

N 2 + 

6.35 

1.11 

6.62 X 10'* 

5 

N 2 

7.38 

1.09 

7.08 X 10'* 

6 

O 2 + 

6.48 

1.14 

6.63 X 10'* 

5 

O 2 

5.082 - 

1.20 

4.74 X 10'* 

4 

F 2 

* Uncertaia 

3 * 

1.3* 

3.4* X 10'* 

2 


distances are 1.09 A. and 1.11 A., respectively. On the other hand, in the 
case of O 2 and 02 "^, the internuclear distances are 1.2 A. and 1.14 A., 
respectively. The explanation, of course, is that 02*^ is bound more 
firmly because it has fewer antibonding electrons. 

More detailed investigation shows that in the series from N 2 to Ne 2 
the antibonding tt electrons were filled in first; there are two antibond- 
ing TT states capable of holding four electrons; in oxygen only two of 
these are filled in. The fact that only two out of four equivalent states 
are full accounts for some particular properties of oxygen. Thus if the 
Heitler-London method is applied to reaction partners, one of which is 
O 2 , the latter may react like an unsaturated atom since there are free 
places in its outer shell. The paramagnetism of oxygen can be traced 
to the same cause. 

7.16 DIATOMIC MOLECULES WITH DIFFERENT ATOMS 
If in a diatomic molecule the nuclei have charges differing by one or 
two units, as for instance in NO or CO, it may be still permissible to 
describe the molecule in a reasonable approximation with the same 
electronic-wave functions as are used for a molecule with identical 
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atoms. The difference in nuclear charges will then cause polarity which, 
however, will be greatly diminished by the distortion of the original 
electronic-wave functions. In Table 7.16(1) internuclear distances. 


TABLE 7.16(1) 

Difference 


Molecule 

Binding 
Energy in 
Electron 
Volts 

Inter- 

atomic 

Distance 

in 

A. Units 

Vibrational 
Frequency 
in Sec.“^ 

Dipole 

Moment 

in 

Electronic 
Charge X A. 

between 
Numbers of 
Bonding and 
Antibonding 
Electrons 

BeO 

5.8 

1.33 

4. 40 X 1013 


4 

BO 

Unknown 

1.20 

5.66 X 1013 


5 

CO+ 

Unknown 

1.11 

6.63 X 1013 


5 

CO 

9.6 

1.13 

6.51 X 10*3 

0.023 

6 

NO 

(uncertain) 

5.3 

1.15 

5.72 X 1013 

0.021 

5 

CN 

6.7 

1.17 

6.21 X 1013 


5 


vibrational frequencies, dissociation energies, and, in two cases, the 
dipole moments are given for a few of these almost completely homopo- 
lar molecules. The smallness of the dipole moments * shows how com- 
pletely the difference in nuclear charges has been compensated by the 
distortion of the electronic cloud. The internuclear distances and vibra- 
tional frequencies are rather similar to the corresponding constants for 
molecules or molecular ions, having the same number of electrons but 
containing two identical nuclei [see Table 7.15(1)]. This shows that the 
distortion of the electronic cloud previously mentioned does not change 
the main properties of the electronic orbits. Dissociation energies be- 
have in a less regular manner, but this is easily understood. Although 
the molecular orbits for the two cases under comparison are analogous, 
the orbits for the dissociation products are not. 

In contrast to these nearly homopolar molecules, the ionic picture 
will be preferable in those cases in which the energy of the electron is 
considerably different, according as it is attached to one atom of the 
other. Then the wave functions for molecular orbits do not correspond 
to electrons found with equal probability near either one of the two 
nuclei, but rather to states in which the electron is attached to the one 
atom and to other states in which the electron is attached to the other 
atom. According to this picture, lithium fluoride may safely be regarded 
as Li'^F” in first approximation. The Li'^ ion will, of course, attract 
the electrons of the highly polarizable F”" ions, diminishing the dipole 

* The dipole moment of HCl is about ten times as great. 
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moment and causing the electron structure to approach to a slight 
extent the homopolar character. 

Intermediate cases between the heteropolar and homopolar bonds 
can be represented in the molecular-orbital method by choosing wave 
functions in which the electron may be found near any one of the two 
atoms, but the amplitude of the wave function near the one atom is 
greater than the amplitude near the other, and therefore the probabili- 
ties of finding the electron near one or the other atom are different. 
Thus we see that a continuous transition is possible between the hetero- 
polar and homopolar bond, these being the extreme cases corresponding, 
respectively, to equal and to completely one-sided density distributions. 

7.17 POLYATOMIC MOLECULES The Hund-Mulliken method 
has been applied to polyatomic molecules. We proceed by constructing 
electronic-orbital functions for the whole molecule, using a Hnear com- 
bination of the electron proper functions in the single atoms. These 
orbits are then filled successively with electrons. 

It is, as a general rule, simpler to treat polyatomic molecules by the 
valence-orbital method which we shall discuss in the following section. 
That holds particularly for saturated molecules; for unsaturated mole- 
cules it is often useful to employ a mixed procedure describing the more 
firmly bound electrons by the valence-orbital method and the more 
loosely bound (for example, double-bond) electrons by the molecular- 
orbital method. This corresponds to the chemical intuition that the 
latter electrons can move with a certain freedom over more extended 
parts of the molecule or even the whole molecule. 

7.18 THE VALENCE-ORBITAL METHOD Both the atomic- 
function method and the molecular-orbital method take as their start- 
ing point a very clear-cut physical idea, namely the motion of the elec- 
tron, in the atom on one hand, and in the molecule on the other hand. 
A third possibility is to connect certain atomic orbits directly with the 
valence bond, that is, with a chemical rather than a physical concept; 
this method is closely related to the ideas of G. N. Lewis. The method 
has the advantage of being particularly adapted to chemical language 
and being thus able to reformulate and generalize the results of chem- 
istry, without the addition of more extraneous material than is neces- 
sary for obtaining new results. On the other hand, the method has the 
obvious disadvantage of postulating rather than proving the existence 
of the chemical bond. 

In the valence-orbital method, a wave function will be co-ordinated 
to each valence bond; this wave function will then be filled with two 
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electrons of opposite spins (electron pair of Lewis). One qualitative 
consequence of this picture is a greater stability of molecules with an 
even number of electrons; in fact, only very few stable molecules are 
known in which the total number of electrons is odd. The only good 
example among the more common molecules is NO; the molecules NO2 
and (€6115)30 have a tendency to associate, and CIO2 is explosive.* 

The simplest case is again the molecule H2. Here the valence-orbital 
method is identical with the molecular-orbital method. By adding 
the atomic proper functions, a c state is constructed which is now called 
a valence-orbital function rather than a molecular-orbital function. 
The essential difference between the two methods becomes apparent 
only for polyatomic molecules. Thus, in C2H6 a valence-orbital function 
for ttie C-C bond is obtained by adding proper functions of the two 
carbons; valence-orbital functions for C-H bonds are constructed from 
the corresponding carbon and hydrogen wave functions. Thus each 
valence-orbital function is filled by an electron shared by two neighbor- 
ing atoms. In the molecular-orbital method, on the other hand, each 
electronic orbit would extend over the whole molecule. The polarity 
of a bond may be represented by using the wave function of one atom 
with a greater coefficient than that of the other, so that the electrons 
will spend more time near the first atom. 

One essential restriction in applying these simple rules is contained 
in the Pauli principle; if the filling of one valence-orbital function by 
electrons is not to interfere with the presence of electrons in another 
valence-orbital function, these proper functions must be orthogonal to 
each other. Since wave functions of the same atom may be used in 
making up several different orbital functions (compare C2H6), care 
must be taken that the orbital functions so constructed should fulfill 
the requirement of orthogonality. It has been sho^vn by Slater and 
Pauling that in this way the valence-orbital method leads with neces- 
sity to the concept of directed valences. These conclusions will be best 
explained by using a number of examples. 

7.19 DIRECTED VALENCE IN H2O AND NH3 In the oxygen 
atom the orbits Is and 2s are filled by four electrons. The three 2 p 
orbits are approximated by the functions, 

They have been denoted by ( 2 a:), (22/), and (22). The three 2 p orbits 

* More exceptions to the rule are found among molecules containing transition 
elements. The unpaired electron is then in an inner shell and does not affect strongly 
the behavior of the molecule. 
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contain altogether four more electrons. Thus, at least one of these 
functions must hold two atomic electrons (unshared electrons); we 
shall, for the sake of definiteness, let {2x) be that function. It is no 
longer available for the formation of a valence-orbital function. The 
functions (2t/) and (2^:), however, can be used for the formation of 
valences. We start with the (2i/) function which has maximum prob- 
ability densities in the zLy direction and has a node in the y = 0 plane. 
We shall add to that function an atomic-wave function of hydrogen in 
such a way that the functions should overlap as much as possible. We 
shall thereby obtain a smooth function with a low kinetic energy having 
its maximum in the regions of high negative potential energy. To get 
the greatest overlapping it is best to locate the hydrogen-atomic func- 
tion and with it the hydrogen atom itself in the + 2 / or the —y direction. 
The valence-orbital function so arrived at will be filled by one of the 
oxygen electrons and the hydrogen electron. 

Once a hydrogen atom is placed in one of these directions, and the 
valence-orbital function made up from the hydrogen function, and the 
(2?/) function is filled with two electrons, the ( 22 /) function is no longer 
available for valence formation. Though other functions can be con- 
structed in which {2y) is strongly represented (for instance one can su- 
perpose {2y) and the hydrogen function with opposite signs) such func- 
tions will have an antibonding character and lead to repulsion. Thus, 
a hydrogen approaching from the —y direction will be repelled, since 
it will overlap strongly a wave function already filled with two electrons. 
Therefore a second hydrogen can be bound only by interaction with the 
{2z) function which as yet contains only one oxygen electron. The 
smoothest valence-orbital function can be formed from the hydrogen- 
atomic function and from {2z) if the second hydrogen atom is located 
along the plus or minus z direction. Thus 90° is obtained for the stable 
H-O-H angle. It is a consequence of the orthogonality of the functions 
that the two 0~H bonds tend to be perpendicular; but the ‘‘orthog- 
onality’^ of functions has nothing to do with the concept of perpendicu- 
lar lines in space. In fact, it will be shown later that for the carbon 
valences the orthogonality leads to tetrahedral angles. 

The (2y) proper function as well as the function of the hydrogen atom 
situated on the y axis have cylindrical symmetry around the y axis, 
that is, around the direction of the valence bond; therefore, one may 
call this orbital a a function. However, the influence of the other 
hydrogen atom will destroy the strict cylindrical symmetry, and the o- 
notation therefore has to be taken in an approximate sense. 

As soon as a (T valence orbital is filled by an electron pair, it acts like 
a complete shell; in particular, it will repell other filled valence orbitals. 
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Thus the two O — H bonds will tend to spread, making, as a result, an 
angle greater than 90°. This tendency is enhanced by the polar char- 
acter of the 0 — H bonds since the positive ends of the dipoles repel 
each other. That the H-O-H angle does not spread out to 180° is due 
to the fact that the H-0 orbital function must be pictured as effectively 
extending beyond the oxygen atom; for instance, the probability- 
density of the valence orbital containing the (2y) function has a maxi- 
mum on the side turned towards the hydrogen atom and a smaller 
maximum on the opposite side. The observed H-O-H angle is actually 
105°. 

The valence angles in ammonia can be explained in a similar way. 
Nitrogen has two electrons in Is, two electrons in 2s, and three electrons 
in 2p states. The three 2p states can thus be used for the formation of 
valence-orbital functions. Arguments exactly analogous to those used 
for H2O lead to three mutually perpendicular N — H bonds; the repul- 
sion between bonds and electrostatic action will again increase the 
angle, the observed angle being 108°. The molecular ion OHs"^ which 
occurs in solutions of acids in water is isoelectronic with NH3. It is 
very probable that the electrons fill similar orbits in the two molecules; 
the only difference between OHs"^ and NH3 is that the central oxygen 
carries one more charge than the central nitrogen. As a consequence 
all electronic orbits will be drawn towards the oxygen in OH3'^, and a 
greater average charge will be left near the hydrogen atoms; however, 
each of the hydrogens will carry the same increased average charge, and 
none of them can be designated simply as an H"^ ion. 

It is difficult to predict which will be greater, the H-O-H angle in 
0H3'^ or the H-N-H angle in NH3. The stronger charge of the hydro- 
gen in 0H3'^ would tend to increase the angle. On the other hand, the 
valence orbits in OHs*^ contain the 0 atomic functions to a greater 
extent than the NH3 orbits contain the N functions; the tendency of the 
valence angles to be perpendicular is due to the contribution of the 
central-atomic function to the valence-orbital function, and for this 
reason we would expect more nearly 90° valence angle in OH3'^. The 
two influences mentioned tend to cancel. 

There is a special reason for interest in the OHs"^ valence angle. If 
this angle happens to be close to the tetrahedral angle like that of NH3 
and H2O, then OHs"*" would fit easily into the essentially tetrahedral 
structure of water. 

7.20 HYBRIDIZED FUNCTIONS In the examples discussed 
up to now, an atomic function occupied by one electron in one reaction 
partner has been combined with an atomic function occupied by one 
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electron in the other reaction partner to form a valence-orbital func- 
tion. In the following examples, some atomic functions will have to be 
changed before they can be used for the formation of the valence- 
orbital functions. The simplest examples where this necessity arises 
are beryllium compounds. It may be recalled that according to the 
atomic-function method beryllium is a saturated atom and becomes 
reactive only if it is excited. 

For a theoretical discussion the molecule beryllium hydride will be 
most suitable. The chemical stability of this molecule is uncertain, 
and nothing is known experimentally about its shape. Nevertheless, it 



Fia. 7.20(1). Diagrammatic representation of 2s and 2p wave functions. Vertical 
and horizontal shading indicates positive and negative values of the wave function. 

will be useful for the sake of illustration, to predict its shape with the 
help of the model here discussed. The conclusions at which we are going 
to arrive may be at once generalized to cover the beryllium halides. 

Beryllium has two electrons in the Is and two in the 2s state, thus 
forming a configuration analogous to that of a closed shell. No electrons 
are available for the formation of valence orbitals; if, however, an elec- 
tron is transferred from a 2s to a 2p state, two electrons become avail- 
able for the formation of two bonds. Since the excitation energy is 
small and the binding energy may be considerable, a stable molecule 
will probably result. For the purpose of valence formation, we must 
therefore deal with a 2s and a 2p electron. For instance, we may use 
the electron in the (2x) orbit. The wave functions are indicated in 
Figure 7.20(1). 

Hydrogen proper functions might be combined with any one of these 
states. However, a stronger binding can be produced if first new orthog- 
onal combinations, namely, (2s) + (2a;), and (2s) — (2x), are introduced. 
These new functions are illustrated in Figure 7.20(2). The new proper 
functions have the advantage that each of them extends most strongly 
in a certain direction (as drawn in the figure, (2s) + (2a;) extends far- 
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ther to the right, (2s) — ■ (2a:) extends farther to the left), producing in 
that direction a particularly high probability density. If the hydrogen 
function is introduced in that region of highest probability density and 
added to the respective function, a most strong overlapping, the smooth- 
est valence orbital with the minimum energy, and the maximum binding, 
is obtained. The two valence directions corresponding to (2s) + (2a:) 
and (2s) — (2a:) are in opposite directions, the +x and —a: directions. 
Therefore, it should be expected that the H-Be-H angle will be 180°. 




Fig. 7.20(2). Superpositions of 2s and 2p functions appropriate to the formation of 

valence orbitals. 

It may be noticed that in beryllium we have constructed two wave 
functions, the one having a strong maximum in the +x, the other in 
the —X direction in contradistinction to the 0 — H bond where we had 
one (2y) wave function with equal maxima in the +y and —y direc- 
tions. Correspondingly, beryllium can form bonds with two hydrogens 
located along the +a: and — x, whereas the 2y electron of oxygen can 
bind only one hydrogen located along the +y or the —y axes. In order 
to construct the valence orbitals in BeH2, we have superposed the 2p 
and 2s wave functions just as though they were degenerate. This is 
justified, as has been stated, if the original energy difference between 
the s and p wave functions is small compared with the gain in energy 
due to the strength of the bond to be formed. The process of superpos- 
ing the two atomic wave functions of slightly different energies in order 
to obtain a wave function particularly adapted to strong bond forma- 
tion is called hybridization. 

The radical CH2 differs essentially from BeH2 in that two more elec- 
trons are present on the central atom. In the carbon atom the orbits 
I5 and 2s are filled each by two electrons; the remaining- two electrons 
must be distributed on the 2p orbits, (2x), (2y), and {2z). Using the 
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proper functions of the two hydrogen electrons^ we can now construct 
two valence orbits, for instance, one from the wave function of a hydro- 
gen atom situated on the x axis and the function (2x), and the other 
from the wave function of a hydrogen atom situated on the y axis and 
the function {2y). Each of these valence orbits may then be filled by 
two electrons; we thus obtain a molecule constructed in a way that is 
very similar to H2O, the only difference being that for the latter mole- 
cule two additional (unshared) electrons are found in the {2z) wave 
function of the oxygen atom. 

It is, however, by no means certain that the CH2 molecule has an 
angle somewhat greater than 90° as the previous discussion would sug- 
gest. A different angle is obtained if hybridized functions are used. It 
is possible that hybridized wave functions composed of s and p wave 
functions can give a so much greater binding energy as to justify the 
hybridization. It has been pointed out in connection with berylHum 
hydride that superposition of the (2s) wave function and the (2a:) wave 
function gives a greater maximum of the wave function in the x direc- 
tion and with it a stronger binding than would have been obtained with 
either the 2s or the 2a: orbit. Therefore, it is possible that it is energeti- 
cally more favorable to build the CH2 molecule in a way that is analo- 
gous to beryllium hydride with two additional (unshared) electrons in 
the still unused p wave functions (2y) or (2z) of the carbon. 

Whereas in CH2 hybridization was a possibility, in CH3 it seems to 
be very probable. If we want to build up CH3, we cannot start from 
carbon with only two electrons in 2p states ; in such a carbon atom only 
two valence orbits could be formed. In order to form at least one more 
bond, it will be necessary to promote one of the 2s electrons into a 2p 
orbit. It then seems highly probable that an additional hybridization 
would lower the energy by strengthening the bonds which are going to 
be formed. It will be most favorable to construct three valence orbits 
which overlap as little and diverge as greatly as possible. The three 
orbits, 

^ (2.) + ^ (2x); (2s) - (2») + ^ (2,); 

^ (2,) - ^ (2x) - (2,) 

can be shown to satisfy these conditions. All of them have their max- 
ima in the xy plane, the first along the x direction, the second and third 
including angles of 120° with that direction and with each other. They 
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are constructed in such a way that the functions are orthogonal to each 
other (though of course the directions of valences are not). We can 
verify this for instance by multiplying the first two functions and inte- 
grating. 

-/I -/I +f^ 

(2x)(22/) 

The last three integrals vanish since the functions (2x), (2y), and (2s) 
are mutually orthogonal. Owing to normalization, 

J (2sf = J (2xf = 1 

and thus the foregoing sum of five integrals gives zero, showing that 
the functions which we have chosen are indeed orthogonal. 

We have constructed so far three valence orbits lying in the xy plane 
and pointing in directions which include 120° angles with each other. 
The three orbits will hold six electrons of the CH3 molecule. With two 
electrons in the K shell (Is orbit), one electron is left over which occupies 
the Pz orbit. This orbit has a node in the xy plane; that is the electron 
is either above or below the plane of the three valences but never in 
the plane itself. Thus a symmetrical plane structure of the CH3 mole- 
cule is likely. An unshared electron will be present; the probability of 
it being found on either side of the molecular plane is equal. 

The only effect that maf' counteract to some extent the tendency of 
forming a plane structure is the repulsion between the unshared electron 
and the electrons which fill the three valence orbits. A slightly bent 
structure is possible if the last atomic function {2z) participates in the 
hybridization. This would give rise to a flat pyramid structure which 
would bring the electrons in the valence orbits closer together and may 
give rise to slightly weaker overlapping between carbon- and hydrogen- 
atomic functions. The unshared electron would be found with a greater 
probability in the direction pointing away from the apex of the flat CHj 
pyramid. Whether the smaller interaction of this electron with the rest 
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of the molecule will stabilize the out-of-plane structure can probably be 
decided only by spectroscopic evidence. 

In the case of methane the valence-orbit method has been used to 
reinterpret the oldest stereochemical concept, that of the tetrahedral 
carbon atom. In order for four electrons of the carbon to be available 
for the four bonds to be formed, the electrons must be in four different 
states, that is in (2s), (2a;), {2y), and {2z). Any set of orthogonal linear 
combinations may be used instead of these four states, and the most 
appropriate linear combina- 
tion will be the one in which 
the electron orbits avoid each 
other to the greatest possible 
extent. Four linear combina- 
tions of this kind are: 

|•[(2s) + (2a;) + {2y) + (2z)] 

|[(2s) + (2a;) - (2y) - (2z)] 
i[(25) - (2x) + (2t/) - (2z)] 
i[(2s) - (2a;) - (2y) + (2z)] 

In these four wave functions 
the electron density is chiefly 
concentrated along lines in 
space, pointing towards cor- 
ners of a tetrahedron as shown 
in Figure 7.20(3). The most 
stable configuration will be 
obtained therefore for meth- 
ane if the hydrogens are at 
the corners of a tetrahedron, 
so that a maximum over- 
lapping of the hydrogen electrons with the corresponding carbon electrons 
becomes possible. Any C-H dipoles that may be present will further 
stabilize the tetrahedral configuration. 

The foregoing considerations on CH4 may be easily generalized to 
cover saturated organic molecules, since the second electron in any of 
these orbits may be furnished by a carbon, oxygen, nitrogen, or similar 
atom, just as easily as by a hydrogen atom. Similarly, the valence 
angle on oxygen and nitrogen will remain roughly the same if in H2O and 
NH3 hydrogen is replaced by other substituents. Thus we have inter- 
preted the elements of stereochemistry in terms of electronic orbits 
within the molecules. 



Fig. 7.20(3). Tetrahedral directions in which 
the wave functions (1), (2), (3), and (4) of the 
text assume their maximum values. The figure 
shows the orientation of these directions with 
respect to the x, |/, and z co-ordinate axes. 
The cube has been drawn to help in visualizing 
the directions in space of (1), (2), (3) and (4). 
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7.21 VALENCE ORBITS IN DOUBLE AND TRIPLE BONDS 
The valence-orbital method led to an understanding of valence angles 
in saturated molecules. In unsaturated molecules it will be necessary 
to explain both the valence angles and the fact that the double- and 
triple-bond electrons are bound less strongly than the single-bond 
electrons. 

In the conventional description of the carbon-carbon double bond, 
the valences participating in the double bond fix a plane in the molecule 
so that the remaining bonds mil have no free rotation. In addition, 
a strain is introduced, pulling the double-bond valences closer together. 
Inasmuch as the valence bonds repel each other, and, since more room 
is available now for the remaining two bonds, it is expected that their 
angle will be somewhat larger than the tetrahedron angle. 

These chemical terms can be formulated in the valence-orbital 
method by considering in what way two carbon atoms have to be brought 
together if we want two pairs of electron orbits of the carbons to overlap 
as strongly as possible. The most favorable position will be one in 
which the line joining the two carbons will bisect the angle of the two 
valences on each carbon. The valences to be joined cannot point then 
towards each other in a straight line. Consequently, the overlapping 
and the energy per bond will be smaller in the double bond than it 
would be in the single bond. This decrease of energy has been inter- 
preted in chemistry as due to the strain. 

Actually the most convenient linear combinations will be different in 
the case of the double bond from those which we obtained for methane. 
To begin with, we may use without introducing any actual change the 
sum and difference of the proper functions belonging to the valence 
orbits of the double bond. This in effect is merely a change in represen- 
tation. This can be seen in the following way. The valence-orbital 
function representing the first single bond between the two carbons can 
be denoted by ypi] the valence-orbital function for the second bond 
which differs from the first only in direction we call R we fill up 
these two orbits with two electrons,* 1 and 2, we obtain, according to 
the general formulation of the ‘Pauli principle. 

Introducing the sum and the difference of the original orbital functions, 

* Taking spin into account, we should fill the two orbits with two electron pairs. 
This would merely complicate the following treatment, but it would leave the result 
unchanged. We shall proceed in the following argument to disregard spin and fill 
each orbit with one electron. 
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we have 

^ [,^(1) + ^(2)] and 

The factors l/\/2 have been introduced to normalize the new function, 
that is, to insure that the integral of their squares will still give unity. 
Filling each of the new orbits with an electron and writing the whole 
function to conform with the Pauli principle, we get 

bi'id) - Ml)] [>^ 1 ( 2 ) + <^ 2 ( 2)1 

- [^i(2) — ^^'2(2)] 

After performing the multiplications, we find that this is identical with 
the original expression, 


- ^2(1¥i(2) 

A greater binding energy will be contributed by the sum, + ^2, 
which gives a proper function with a maximum along the double-bond 
direction; the difference, ipi — 1/^2, on the other hand, will have a node 
perpendicular to the plane of the double bond and therefore passing 
through the other substituents that are bound to the carbon atom. 
This valence orbit will be the typical double-bond orbit with electrons 
above or below the node but never in plane with the other substituents. 
It is this orbit that can be made responsible for the rigidity of the double 
bond with regard to rotation. It also will contribute rather greatly to 
the polarizability of a molecule, since its electrons are spread out over 
great distances and are not bound very strongly. 

We may expect to improve the valence orbits by making them more 
similar to those discussed for the CH3 radical. In fact, both in the CH3 
radical and in a double-bond molecule an orbit has been considered 
which is antisymmetrical to the plane of the carbon and its substituents. 
The only difference is that for CH3 only one electron is in that orbit, 
whereas in the double-bond there are two. Using the analogy of CH3, 
we may expect that the single bonds and the double bond are arranged 
in a plane and that all valence angles have the value of 120®. The sym- 
metry which caused the angles to be exactly equal to 120® is, of course, 
absent in ethylene. But it is plausible to assume angles greater than 
the tetrahedral angle, since this result follows both from the original 
chemical concept and also from a qualitative discussion of valence orbits 
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Spectroscopic evidence actually indicates that both the H-C-H and 
H--C=C angles are equal to 120°. Electron diffraction experiments, on 
the other hand, lead to the result that if both H atoms in the CH 2 group 
are replaced by the methyl group, the CH 3 -C-CH 3 angle is 111°. 
Although both of these facts are in agreement with the conclusions of 
the previous theoretical discussion, it is difficult to understand why a 
smaller valence angle is obtained in the case of the methyl substitution. 
Repulsion of the methyl groups would lead us to expect the opposite 
result. 

Other double bonds such as carbon-nitrogen, carbon-oxygen, nitro- 
gen-nitrogen, and nitrogen-oxygen (nitroso compounds) can be de- 
scribed similarly to the carbon-carbon double bond. Comparing, for 
instance, C=C with C=N, the only difference is this: On the nitrogen 
atom will be found (in addition to the electrons which participate in 
the double bond) a pair of unshared electrons and a pair of electrons 
belonging to a single bond; on the carbon will be found two pairs of 
electrons participating in single bonds. 

When a bonding electron pair is thus replaced by an unshared electron 
pair, the orbit of the electron pair will be drawn closer into the atom. 
To compare, for instance, carbon and nitrogen, the bonding pair on 
carbon has been obtained by hybridization of 5 and p functions and 
combination with the wave function of the other partner in the bond. 
Not only will the unshared electron pair of the nitrogen atom occupy 
pure nitrogen functions but in addition it will be best to place the un- 
shared pair into the 2s orbits which are closest to the nitrogen nucleus. 
This leaves, as we have seen, the 2p orbits available for the valences of 
the nitrogen. These orbits include right angles rather than tetrahedral 
angles with each other, and thus there will be less strain associated with 
a double bond if a nitrogen atom is at one end of it. Similar considera- 
tions apply to C— O and N=0 double bonds where two unshared elec- 
tron pairs are present on the oxygen atom. Lack of free rotation in a 
molecule containing a C—N or N=N double bond is, of course, to be 
expected. 

The only double bond in this series that differs essentially from the 
rest is that in the O 2 molecule. Since on O 2 there are no further substitu- 
ents, there is nothing in the molecule that would fix the plane in which 
the node of the double-bond function shall lie. Thus the possibility 
arises that the two double-bond electrons occupy double-bond orbits 
with different nodal planes. This actually is energetically favorable, 
because in this way the two double-bond electrons will have a greater 
average distance from each other, and a smaller coulomb repulsion will 
be obtained. The electrons being in different orbits may have parallel 
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spins; in fact, the ground state of oxygen is a triplet, and oxygen is 
paramagnetic in contrast to all other double-bond substances. 

In the classical stereochemical picture of the carbon-carbon triple 
bond, we obtain a binding energy much less than three times the single 
bond, since the natural direction of three valences cannot all simultane- 
ously coincide with the line joining the carbon atoms. The smallest 
stress will be obtained if the remaining valence of the carbons hes on 
the continuation of the C-C line. 

The same results are obtained in the valence-orbital method if we 
try to arrange a maximum overlapping of three pairs of orbits of the 
two carbon atoms. This will be attained by fitting together the bases 
of the two tetrahedra formed by the four valence orbits. The fourth 
valence orbit will then point in the correct direction. The energy will 
be less than that of three single bonds, because the overlapping of the 
orbits is less complete than in the case where the orbits point towards 
each other. 

Instead of the three valence orbits including angles with the C-C 
axis, linear combinations may be used similar to those discussed for 
the double bond. One of these linear combinations has cylindrical 
symmetry around the C-C axis and corresponds to a full-strength 
single bond. The second linear combination has a node passing through 
the two carbon atoms; the two electrons in that orbit have similar 
properties to those of double-bond electrons; in particular, they are 
spread out more strongly, contribute less to the binding energy, and 
have a strong polarizability. The third orbit also has a node through 
the two carbons, and this node is perpendicular to the node of the second 
orbit. The electrons in this orbit again have double-bond properties. 
Since there are two perpendicular nodes, the triple bond does not define 
any particular plane as the double bond does. In fact, it can be shown 
that, apart from their being perpendicular to each other, the direction 
of the two nodes around the C-C axes can be chosen in an arbitrary way 
and that the resulting wave function of the triple bond has cylindrical 
symmetry. The situation is similar to that found for the neon atom; 
although neon contains p electrons with nodes through the nucleus, the 
composite wave function of the whole atom has nevertheless spherical 
symmetry. 

The carbon-nitrogen triple bond and the nitrogen-nitrogen triple 
bond do not differ essentially in their electronic structure from the 
carbon-carbon triple bond. In replacing a carbon by a nitrogen, the 
main effect is that a bonding electron pair is converted into an unshared 
electron pair which will occupy the 2s orbit in the nitrogen atom. The 
nitrogen parts of the triple-bond orbits will then be supplied by the 
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three 2p orbits. We shall expect that the strain on these perpendicular 
2p orbits will be less than was the strain on the hybridized carbon orbits 
which included tetrahedral angles with each other. This helps to ex- 
plain the great stability of N 2 . 

7.22 COMBINED VALENCE-ORBITAL AND MOLECULAR- 
ORBITAL METHOD In describing systems of conjugated double 
bonds it proves useful to apply the valence-orbital method to all elec- 


H 



Fig. 7.22(1). System consisting of two conjugated double bonds, butadiene. 

Numerals 1, 2, 3, and 4 denote positions of carbon atoms. 

trons with the exception of the double-bond electrons. The latter have 
even in the simplest double-bond compounds more extended orbits, 
and it seems reasonable therefore to use an approximation in which 
these electrons are allowed to move over a greater part of the molecule. 
Such an approximation is given by the molecular-orbital method. 

We shall first consider two conjugated double bonds and assume that 
the four carbons, as well as all atoms attached to them, lie in a plane. 
In Figure 7.22(1) all substituents on the carbons designated as 1, 2, 3, 
and 4 have been chosen as hydrogens, and the lines joining the atoms 
indicate pairs of bonding electrons. All valence angles in the plane are 
120° for the same reason that has been discussed in the example of 
ethylene. Only the single bonds are drawn in the figure. According 
to the valence-orbital method, two additional electron pairs should be 
present. The wave functions of these electrons should have a node in 
the plane of the molecule. According to the chemical formula one elec- 
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tron pair should be attached to the first and second carbon, and the 
other pair to the third and fourth carbon atoms. 

We shall now try to distribute these last four electrons into orbits 
composed of the states on the four carbons still unfilled by the single- 
bond electrons. These vacant states are p states with their nodes in 
the plane of the molecule. One low state of this kind can be obtained 
by adding the four p states on the four carbon atoms; thus, a wave func- 
tion is obtained which has no node except the one in the plane of the 
molecule. This molecular orbit can hold two electrons; for the two re- 



Fia. 7.22(2). Schematic representation of two lowest molecular orbitals composed 
of 2p states of four carbon atoms. The four carbon atoms are shown as lying on a 
straight line, and the nodes of the 2p electrons lie in a plane containing that line. 
The ordinate gives the amplitude of the 4/ function along a line parallel to the axis 
passing through the carbon atoms. 


maining electrons we have to construct an orbit which is orthogonal to 
the one just described and which contains as few nodes as possible. 
Such an orbit is obtained by superposing the wave functions on the 
carbons 1 and 2 with the same sign and subtracting from this the super- 
position of the wave functions on 3 and 4. The two lowest orbits which 
have now been constructed are schematically represented in Figure 
7.22(2). In tliis figure, the fact that the four carbon atoms do not lie 
on a straight line * has been disregarded. 

In the lowest orbit represented in Figure 7.22 (2).4, the original wave 
functions have been superposed in such a way that the envelope of the 
resulting wave has no node within the molecule. The wave function of 
the next higher energy level shown in Figure 7.22(2)B corresponds to a 
superposition in which the envelope has one node between the atoms 
2 and 3. Two orbits with still higher energies can be constructed from 

* The arrangement of the carbon atoms on a straight line is, of course, not realistic. 
But the final result of the discussion is not influenced by this arrangement. 



106 


THE CHEMICAL BOND 


the p functions shown in Figure 7.22(3), in which the envelope has two 
nodes and three, respectively; these higher orbits remain empty. 

It has been pointed out in the discussion of the molecular-orbital 
method that a molecular-orbital function without a node between two 
nuclei tends to draw the two nuclei together, whereas, if a node is found 
between two nuclei, they are pushed apart (bonding and antibonding 
properties). From Figure 7.22(2) it is clear that the atom pairs 1,2 and 
3,4 are drawn together by the influence of both filled molecular orbits. 




Fig. 7.22(3). Schematic representation of two highest molecular orbitals composed 
of 2p states of four carbon atoms. The four carbon atoms are shown as lying on a 
straight line, and the nodes of the 2p electrons lie in a plane containing that line. 
The ordinate gives the amplitude of the ^ function along a line parallel to the axis 
passing through the carbon atoms. 

The distance between 2 and 3, on the other hand, would be diminished 
by the action of the functions shown in Figure 7.22(2)4 but would be 
increased by the effect of the functions shown in Figure 7.22(2)5. Thus 
the distances 1,2 and 3,4 become shorter than the distance 2,3 in agree- 
ment with the simple double-bond picture which places the double 
bonds between the pairs 1,2 and 3,4. 

Although the conclusions so far merely confirm expectations based on 
stereochemistry and on the valence-orbital method, the picture now 
being used suggests two more properties of a pair of conjugated double 
bonds. First it may be expected that the nodes of the four 2p orbits 
help to stabilize a common plane in which all four carbon atoms will lie. 
This statement is not contained in classical stereochemistry or in the 
valence-orbital picture, since in these presentations free rotation around 
the 2,3 link should be expected. The molecular-orbital method, how- 
ever, merely suggests and does not prove the stability of such a plane. 
In fact, although the wave function shown in Figure 7.22(2)4 helps to 
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stabilize the plane, the wave function represented in Figure 7, 22(2) B 
cancels at least part of this effect. 

The second property of conjugated double bonds which is aptly 
described by molecular-orbital functions is the ease with which a pair 
of conjugated double bonds is converted into one double bond between 
the atoms 2 and 3. The wave function shown in Figure 7.22 (2).4 differs 
from a double-bond wave function between the atoms 2 and 3 only in 
that it extends further toward the ends of the molecule. If new sub- 
stituents are linked to the carbons 1 and 4, room is created for two more 
electrons in the valence-orbital functions of the newly formed bonds. 
These electrons will be supplied from the wave function shown in Fig- 
ure 7.22(2)B. The orbits of low energy around the atoms 1 and 4 will 
then be filled by single-bond electrons, and the Pauli principle mil 
exclude the electrons filling the states shown in Figure 7.22(2)A from 
the neighborhood of atoms 1 and 4. The orbit will shrink to an ordinary 
double-bond function around atoms 1 and 4. 

The considerations just discussed can be easily generalized to cover 
the case of a chain of 2n carbon atoms linked alternately by double 
and single bonds. We shall assume again that all the carbon atoms and 
the atoms attached to them lie in a plane, and we shall construct molec- 
ular orbits from the carbon p wave functions with nodes in the molecular 
plane. 2n such wave functions can be constructed, the lowest having 
no node except the one in the molecular plane, and the next having one 
additional node in the middle of the chain. We can proceed in this 
manner, to the orbit of highest energy with 2n — 1 additional nodes, 
that is, one node between every two neighboring carbon atoms. Of these 
2n orbits, the n lowest will be filled by the 2n electrons which remain 
available if the single-bond valence orbits are filled with an electron pair 
each. The molecular wave function so obtained is analogous to the 
wave function for a pair of conjugated double bonds, and the essential 
conclusions which can be derived from the picture are also similar. It 
must be observed, however, that molecular orbitals of the kind here 
described will be interrupted whenever one carbon atom in the chain is 
linked to all its neighbors by single-bond electrons. After the energeti- 
cally lower single-bond levels are filled, no additional free orbit is avail- 
able on such a carbon atom, and this carbon atom will lie as a potential 
barrier across the path of the otherwise more freely moving double-bond 
electrons. Thus we see that conjugation will be interrupted as soon as 
two double bonds are separated by two (or more) single-bond links. 

A particularly interesting example of conjugation is found in aromatic 
compounds. We shall discuss here only the simplest cases, namely, 
those of plane carbon rings with 2n members containing alternating 
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single and double bonds between them. These ring systems have been 
discussed by Huckel and by Pauling from the point of view of wave 
mechanics. 

The lowest wave function will be obtained from the ^ ^double-bond^ ^ 
p carbon electrons by adding the p functions of all carbon atoms. 
Higher orbits are constructed by multiplying the wave function of the 
)th carbon atom by sin M/n and adding, {k is any integer which char- 
acterizes the orbit and which assumes values from 1 to n.) It may be 
noticed that, if we follow the chain around, the first carbon atom is 
identical with the {2n + 1) carbon atom. Correspondingly, the multi- 
plying factor for the first atom is sin irk/n] for the 2n + 1 atom it is 
sin [irki^n + 1)/^] = sin \2Trk + {irk/n)]] that is, the factors multiply- 
ing the wave functions of the first and (n + 1) atoms are the same. 
More functions can be constructed by multiplying with cos irkl/n and 
adding. Here k is an integer with the values from 0 to n — 1. If = 0, 
the multiplying factor is one on every atom, and we obtain the simple 
sum which, as has been mentioned before, corresponds to the lowest 
energy. We now have n functions containing sine factors and n con- 
taining cosine factors. Altogether we have 2n functions, and it will be 
necessary to fill the n lowest of these with 2n available electrons. 

Now we can show that a function containing sine factors corresponds 
to the same energy as a function containing cosine factors, if the k value 
appearing in the sine and cosine is the same. For instance the energy 
corresponding to the factors sin irk/ n and o^osirk/n is the same. This 
means that there exists a twofold degeneracy which actually is caused 
by the ring symmetry of our model. This twofold degeneracy is similar 
to that occurring for tt electrons in diatomic molecules, in which case 
the degeneracy was caused by the cylindrical symmetry. We have 
described that degeneracy as due to the two possible rotational direc- 
tions of the TT electrons around the molecular axis. In an analogous 
manner the twofold degeneracy in our present ring model can be ascribed 
to the two possible directions in which the mobile p electrons can move 
around the ring. For the lowest state, it = 0, the motion can be said 
to have a zero velocity, and consequently no degeneracy is expected. 
Actually the k — 0 case does not occur among the sine functions but 
only among the cosine functions. 

The lowest wave function can hold two electrons. The next energy 
is obtained for A; == 1; here we have a twofold degeneracy, and four elec- 
trons can be placed. The same holds for higher functions. It may be 
seen that if the ring contains four members, and, if there are therefore 
four electrons available, these will fill the lowest level with A; = 0 and 
also fill half of the available states for A; = 1. Thus such a molecule is 
analogous to an atom in the middle of the periodic system, the outer- 
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most electronic shell being partially filled. If, on the other hand, we 
have a molecule with six carbon atoms, the available electrons will just 
suffice to fill the shells with k = 0 and k = I, The molecule therefore 
will have a closed shell, and it will be analogous to a rare-gas atom. 
This closed shell may be used to account for the special stability of 
benzene. It must be borne in mind that, if a closed shell contains many 
electrons, then it is probable that the next excited energy level will be 
rather high above the closed shell, whereas, if shells contain only few 
electrons, such shells will have to follow closely on each other. For 
this reason we may expect that more energy will be needed to excite a 
benzene with its four electrons in the outermost closed shell than to 
excite a simple double bond or an open chain of conjugated double bonds 
with two electrons in the last orbit. Thus the electronic configuration 
of benzene is more difficult to change; that is, benzene is less reactive. 

It may be easily seen that the statements about four and six carbon 
rings can be generalized to cover larger rings. In an eight-carbon ring, 
the k = 0 level would be filled with two electrons and the k = 1 level 
with four electrons, and there would remain only two electrons for the 
k = 2 level which would thus be only partly filled. We expect there- 
fore that an eight-carbon ring with four conjugated double bonds would 
have a rather unsaturated character. On the other hand, in a ten- 
carbon ring the ten ^^double-bond electrons^’ just suffice to fill the k = 0, 
fc = 1, and k = 2 levels, and a greater degree of saturation is therefore 
possible. In general 4, 8, 12, etc., carbon rings will be more unsaturated 
than 6, 10, 14, etc., carbon rings. We also would expect, on the basis 
of the molecular-orbital method, that rings with, a lower number of 
members are more saturated because we find that, for instance, in 
benzene, the full A; = 1 and empty k — 2 levels have a greater energy 
difference than the full k = 2 and empty k = 3 levels in a ten-membered 
ring. 

Just as in the double-bond and the conjugated-double-bond systems, 
all valence angles in the plane of the molecule tend to have the value of 
120°; therefore in a four-membered ring with two double bonds great 
strains are inevitable, and this will contribute to the instability of such 
a ring. In benzene no strains are present; an eight-carbon ring, on the 
other hand, cannot be set up in a plane without considerable strain. 
We can construct larger carbon rings without strain if some of the 
C-C-C angles are turned toward the inside and some toward the out- 
side of the molecule. Two such rather simple molecules are shown in 
Figure 7.22(4). Each of the carbon atoms has a substituent attached. 
In the molecule shown in Figure 7.22(4)4 the substituents on the car- 
bons 1, 5, and 9 must be for steric reasons in the 1, 5, 9 triangle. If there 
is any possibility of realizing this, it will be by putting a trivalent sub- 
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stituent into the middle of this triangle. A ring such as shown in 
Figure 7.22 (4) A would be rather unsaturated on account of its 12 mem- 
bers. In a ring such as shown in Figure 7.22(4)5 steric effects would 
again limit the possibilities for substituents on the carbons 1, 4, 8, and 
11. We would expect this 14-member ring to have greater stability, 
and it is therefore perhaps more likely that it can be prepared chemically. 

The electronic structure of the 
familiar polycyclic compounds can 
also be described by a molecular 
skeleton consisting of single-bond 
electrons and a number of double- 
bond electrons roaming over the 
whole molecule. In most of the 
compounds not containing side 
chains the number of the more 
mobile electrons is equal to the 
number of carbons. The mathe- 
matical description of their wave 
functions is, however, more involved since the double-bond electrons 
no longer follow simple cyclic paths. We may simplify the description 
of these compounds by focusing attention on the longest cyclic path 
that is possible in the molecule. Thus in naphthalene we may consider 
all the double-bond electrons moving in an outer ten-membered ring 
along the carbon atoms numbered 1, 2, 3, 4, 10, 5, 6, 7, 8, 9, and we 


6 



Fig. 7.22(4). Benzene-like rings with- 
out strain. 



2 
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may disregard the possibility of the common single bond joining 9 and 
10 becoming a double bond; or we may consider in pyrene the cycle 1, 
2, 3, 12, 4, 5, 13, 6, 7, 8, 14, 9, 10, 11. The carbon atoms numbered 

2 



7 

15 and 16 would then play the role of substituents, and they would 
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have to be joined by a double bond so that they would have just enough 
valences left to take care of the free valences on 11, 12, 13, and 14. 
Applying a similar procedure to the known polycyclic compounds, we 
find that the outermost cycle has 2 + 4n members; /that is, the outer- 
most cycle is always a ring of the kind that we have found to be 
particularly stable. 

An interesting example of this rule is perylene in which we find an 



outer 18-membered ring 1, 2, 3, 15, 4, 5, 6, 16, 17, 7, 8, 9, 18, 10, 11, 12, 
13, 14. But by placing bonds into alternate links of this ring the va- 
lences of the carbons 20 and 19 cannot be satisfied. The same difficulty 
is encountered if we assign to the outer ring 18 double-bond electrons. 
This perhaps accounts for the greater ease with which the electronic 
structure of perylene can be excited, giving rise to the yellow color of 
the compound. Thus our explanation of the fact that rings with 8, 12, 
etc., members are not found is not fully satisfactory, since our procedure 
made it necessary to fix double-bond positions in an arbitrary way, and 
in the case of perylene it made a valence picture in the ordinary sense 
impossible. 

7.23 ELECTRON MOBILITY IN CONJUGATED SYSTEMS The 
great mobility of double-bond electrons in molecules containing con- 
jugated double bonds gives rise to the great polarizability of such 
molecules. As should be expected, the polarizability is particularly 
great if the electric field is applied along the molecular plane or in the 
case of an open zigzag chain along the chain direction. For ring com- 
pounds such as benzene and naphthalene a peculiar magnetic effect is 
also to be expected. It has been shown by London that the mobility 
of electrons around a ring gives rise to strong diamagnetism along an 
axis perpendicular to the ring plane. Application of a magnetic field 
along the axis causes a change of the velocity of rotation of the electrons 
around the ring, accompanied by an increase of total energy. There- 
fore, the plane of the ring tends to avoid being perpendicular to the 
magnetic field. As an example we may quote naphthalene. In this 
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molecule a magnetic field perpendicular to the plane will induce an 
approximately three times greater magnetic moment than a field which 
lies in the molecular plane. That is, the diamagnetic susceptibility is 
about three times smaller for a magnetic field in the molecular plane 
than for a field perpendicular to the molecular plane. 

Jfurther evidence for the mobility of the double-bond electrons is the 
change of reactivity on a rather distant carbon in benzene if appropriate 
substituents are introduced into the ring. Thus in aniline further sub- 
stitution occurs preferably on the carbons in the ortho and para posi- 
tions while nitrobenzene directs the next substituent into the meta posi- 
tion. This behavior contrasts with the more usual rule that ease of 
substitution on a group within a molecule depends primarily on the 
properties of that group and is modified mostly by immediately adjacent 
substituents. 

7.24 RESONANCE In discussing the ion OHs"^ we mentioned that 
the positive charge is with equal probability on any one of the three 
hydrogens. This can be expressed by writing three structures for 

H+ H H 

0 0 0 

Z' \ /a. ^ \ 

H H H H+ H+ H 

with one zero valent ion and one saturated H 2 O molecule. We can 
represent each of these structures by a wave function and consider the 
real wave function of as a sum of the three wave functions. Actu- 
ally we have mentioned earlier that, if several wave functions have the 
same or similar energies, then by superposing these wave functions in 
an appropriate way we may succeed in lowering the energy. This is 
due to the fact that in the hnear combination the wave function of the 
electron may possess a greater wavelength and thus a lower kinetic 
energy while at the same time the wave function attains higher ampli- 
tudes in regions of lower potential energy. In a crude general manner 
of speaking, the advantage of such linear combinations can be seen in 
the tendency of the electron to spread over as big a region as is con- 
sistent, with a fairly low value of the potential energy. The procedure to 
approximate the correct wave function of a molecule by superimposing 
wave functions that represent familiar chemical structures has proved 
particularly useful since it permits the chemist to apply the symbolic 
language of quantum theory and still use his own customary expres- 
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sions. Thus we use mutually exclusive chemical formulas and explain 
by the plurality of formulas an increased stability. This new. procedure 
has been called resonance between chemical structures. 

It would perhaps appear that the wave function of as approx- 

imated by the resonance method is rather different from the wave func- 
tion obtained from the valence-orbital method. Actually the difference 
is not so great. Comparing NH3 and OHs"^ in the valence-orbital 
method, we expect that the added charge on oxygen will draw the va- 
lence orbits so much closer to that atom that practically the whole free 
positive charge appears on the hydrogens, the charge of each of the pro- 
tons being compensated to only a fraction of two thirds by the electrons 
in the valence orbits around them. In any one of the three structures 
that has been used, valence orbits reach out and practically neutralize 
two of the protons while the electron pair that ought to bind the third 
proton remains unshared on the oxygen atom. In superposing the wave 
functions which belong to the three structures we obtain a state where 
the orbit of each electron pair employed in the binding of a hydrogen 
consists two-thirds part of a valence orbit and one-third of an unshared 
orbit. This mixture resembles a valence orbit which has been drawn 
in somewhat toward the oxygen. Though a similarity between the two 
methods has been thus established, there is this difference between 
them. In the valence-orbital description of each of the valence 

orbits is polarized independently of the others; that is, no phase rela- 
tions between the electrons of different valence orbits are taken into 
account. In the resonance method, on the other hand, the valence 
electrons binding a proton are unpolarized as soon as any of the other 
two electron pairs is in the unshared state. It is not quite certain 
whether this sensitive interrelation between the electron pairs does not 
overemphasize the phase relations which actually have to exist. 

The valence angles on OHa"^ are obtained from the resonance method 
quite simply; stability will be expected if every H-O-H angle in the 
molecule is not very different from the H-O-H angle in H2O; in this 
way all three resonating structures contain an H2O with a but little 
distorted H-O-H valence angle. Assuming a value of about 105 ° for 
the H2O angle, we obtain a pyramidal configuration for HaO"^ giving a 
geometrical arrangement closely resembling that of NHa. 

The usefulness of the resonance method has been proved through 
many applications. We shall restrict ourselves here to a few examples.* 
Resonance occurs in all the anions of all the symmetrical oxygen acids; 

* For a more detailed discussion see L. Pauling, Nature of the Chemical Bondj 
Cornell University Press, 1940. 
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thus the CO 3 ion can be written as a superposition of the formulae 
0 - 0 0 0 - 0 “ 0 “ 


c 

I 

0 - 


c 

I 

O- 


c 

0 


the O— ion being univalent since it is isoelectronic with fluorine. The 
structure of the nitro group can be written with the help of a tetra valent 
(isoelectronic with carbon) and a monovalent 0 -, as a superposi- 
tion of 



and 


— N 



This presentation also accounts for the strong dipole moment of the 
group. 

The ideas of resonance may be applied even if the resonating states 
do not have exactly equal energies. For instance, a resonance between 
the forms, 

N=0 N=0+ 

// and 

Cl cr 


has been proposed for the NOCl molecule. The second more unusual 
formula is justifiable on the basis of the electron affinity of Cl and on 
the basis of the increase of the NO binding when this molecule is ionized. 
Whereas in the symmetrical cases we must as a general rule superpose 
the wave functions with the same amplitudes, in the example given 
last, the coefficients in the superposition depend on detailed calcula- 
tions which in practice cannot be carried out. 

In the last example we have used wave functions in the superposition 
which themselves belong to slightly different energies. We may extend 
this procedure and use an increasing number of wave functions partly 
belonging to very high energy levels to obtain an approximation to the 
correct wave function of the lowest state. It can, of course, be shown 
quite generally that, even if the original wave functions have been very 
poor approximations, correct wave functions may be obtained by super- 
posing a sufficient number of the original poor functions. However, it 
is technically hopeless to find even approximately correct coefficients in 
such a complicated case. The resonance method is useful only if the 
original wave functions have been good approximations, and in this case 
it suffices to superpose a few wave functions of equal or nearly equal 
energies. 

The resonance method has been applied to describe the wave func- 
tions of diatomic molecules such as H 2 . We can, for instance, describe 
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the H 2 wave function by a superposition in which one electron is on each 
hydrogen atom and other functions where both electrons are near one 
nucleus while the other proton is bare, H”". These approximations 
are poor when the two nuclei are as close together as they are known to 
be in the stable H 2 molecule. It seems therefore that for H 2 as for most 
of the other diatomic molecules the resonance method does not offer 
any great advantage in simplicity or accuracy, as compared with the 
molecular-orbital method. Although the resonance method seems per- 
haps more apt to utilize chemical intuition, the molecular-orbital method 
has proved a more flexible and accurate tool in correlating spectra of 
diatomic molecules with each other and with the properties of the 
molecules in their ground state. For the electronic states of complicated 
molecules, on the other hand, the resonance method often yields a very 
useful description. 

One condition for resonance to be effective is that equilibrium con- 
figurations of the two resonating structures must not differ strongly. 
Resonance is possible practically only for two states with the same con- 
figuration of the atomic nuclei. Now, if the equilibrium configurations 
for the two resonating structures differ considerably, then the elec- 
tronic energy of at least one of the two structures must be greatly 
raised by the distortion necessary to make the two nuclear configura- 
tions coincide. The energy thus lost will offset the gain in stability to 
which resonance can give rise; if, however, the two equilibrium configura- 
tions do not differ strongly, we can choose an intermediate configura- 
tion with no great loss of energy, and resonance will more than com- 
pensate that loss. 

As an example for a small difference in equilibrium configuration we 
may consider the resonance in the carboxyl group where the two struc- 


.0 

tures R — and R — resonate. 


. 0 - 

^0 


The C— 0 and C=0 


equilibrium distances (1.4 A. and 1.2 A.) may be roughly estimated from 
the distances in alcohols and ketones, respectively; the difference is not 
very great. 

Another class of examples in which resonance is probably prevented 
by too great a difference of the equilibrium configurations consists of 
compounds containing a hydrogen bridge. The two structures, 


/0-H O. 

H— C< >C— H 

TT n/ 


H— C 


O H— 0^ 
,0 H— O 

0— H 0 


,C— H 


and 
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might be expected to resonate, but the distance in the 0-H group is 
about 1.0 A. while the distance between H and the oxygen atom to 
which it is not bound can be estimated from the structure of ice as 
about 1.8 A.* The difference of the two distances is probably too great 
to permit resonance. The fact that bimolecular association with a 
Jbinding energy of 14 kcal. is found must probably be interpreted as 
coulomb attraction and polarization effects acting between the hydro- 
gen of one molecule and the oxygen of the other. The energy per 
hydrogen bridge, that is, half the association energy, actually does not 
differ much from the energy of the hydrogen bridge in water which we 
have explained in terms of van der Waals forces. 

An example in which resonance is made definitely impossible by too 
great a change in configuration is the keto-enol isomerism. The 
hydrogen must move through a distance of more than 1 A. if the trans- 
formation from the keto form to the enol form is to take place; conse- 
quently the keto and enol forms exist as separate chemical entities. 
This contrasts with the situation found in resonance where pure sym- 
bolic superposition of two structures is used to describe a single definite 
electronic configuration of a certain molecule. 

As has been mentioned, we will expect in case of resonance an equi- 
librium configuration that is intermediate between the configurations 
of the two resonating structures. As an example confirming this rule, 
we may consider methyl nitrite in which the observed N-0 distance 
lies between the distances expected for N‘^=0 and N”^ — 0~ bonds. 
(The ion is expected to behave in a way similar to the isoelectronic 
C atom; 0“ will behave like an F atom.) 


CH3— 

CHa-N^ 


O 

0 - 

o- 

0 


N+=p 

1.13 A. 


N+— Q“ 
1.36 A. 


N-0 distance ^observed 
1.21 A. 


7.25 RESONANCE DESCRIPTION OF CONJUGATED SYS- 
TEMS For an open chain of conjugated double bonds, the chemical 
formula which belongs to the lowest energy is the usual one having 
alternate single and double bonds. Other forms of higher energy are 
obtained if charges on carbons or unshared single electrons on carbons 

* In the case of dimerized formic acid, this distance seems to be actually smaller 
by about 0.1 A. 



RESONANCE DESCRIPTION OF CONJUGATED SYSTEMS 117 


are permitted. Thus for butadiene the following formulae may be 
considered: 

(a) CH 2 =CH— CH=CH 2 

(b) “CH 2 — CH=CH— CH2^ 

(c) +CH 2 — CH=CH— CH 2 '” 

(d) CH 2 — CH=CH— CH 2 


In the formulae (b) and (c) the C'~ ion and the C“^ ion can be considered 
trivalent. They are actually isoelectronic with nitrogen and boron, 
respectively. In (d) there is a single unshared electron in each of the 
terminal carbon atoms. The resonance as shown by the formulae is 
effective only if the equilibrium configuration of butadiene approximates 
closely the equilibrium configuration of each of the four forms. This is 
possible only if all carbons lie in a plane; resonance seems therefore to 
favor a coplanar structure. 

A much greater effect of resonance may be expected in benzene since 
at least two resonating structures, namely, the twin Kekul6 formulae 
belong to the same energy. This accounts in the resonance description 
for the fact that benzene is much more stable than other unsaturated 
molecules or open conjugated systems. Actually the heat of combus- 
tion of benzene is 39 kcal. lower than the crude value which would fol- 
low from the additivity of bond energies. This discrepancy can be 
decreased by only 20 kcal. on account of the presence of three conju- 
gated double bonds, and it has been proposed that the remaining dif- 
ference is due to the peculiar and strong resonance in benzene. But 
the quantitative part of this argument suffers somewhat from the purely 
empirical nature and the crudeness of the bond additivity rule. On the 
qualitative side, it is highly satisfying that both Kekule structures are 
needed to describe the electronic structure of benzene. 

There is no immediate and simple reason why the resonance method 
should predict greater stability of 6, 10, 14, etc., membered rings than 
for 4, 8, 12, etc., membered rings (if necessary strains in some of these 
rings is disregarded). In this respect the results of the resonance 
method does not correspond exactly to the results of the method de- 
scribed in section 7.22. 

Resonance between the two Kekul6 structures does not suffice to 
explain the ortho-para-directing influence of some benzene substituents 
and the meta-directing influence of others. For this purpose further 
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resonating structures must be introduced such as 
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Although structures with ions in the ortho or para position are possi- 
ble without deviating further from usual chemical rules, there is no 
simple structure with two ions, positive and negative, in the meta posi- 
tion. This correctly indicates a parallel behavior of the para and ortho 
positions. 

Resonance with ionic contributions such as just mentioned has fre- 
quently been discussed in connection with more extended structures. 
The resonance in paranitrophenol is established by shifting simulta- 
neously four double bonds. 
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However, resonance is always weak if there are only very few electron 
configurations for which both resonating wave functions are appreciably 
different from zero. In fact, resonance is due to the overlapping of 
wave functions. Such overlapping is feeble if there is a great difference 
between the two resonating structures. Resonance in such cases will 
primarily proceed through intermediate ionic structures. We can 
always find such intermediate structures in which overlapping of the 
wave functions is considerable. In the preceding example the following 
series of structures can be used: 
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On the other hand, the intermediate ionic structures may have consid- 
erably higher energies and may, for that reason, be less available part- 
ners in the resonance. 

Through the introduction of these ionic states, the electrons obtain 
greater mobility in the resonance picture. Accordingly, they behave 
more closely in the same way as was found in the modified molecular- 
orbital approximation (section 7.22). This may be considered as a 
special example of the general statement that the results obtained by 
different approximations converge when approximations are pushed far 
enough. 

In the more complicated heterocyclic and carbocyclic rings, the 
number of resonating structures is considerable, even if we disregard 
ionic structures. For example, in anthracene we get contributions from 
the following structures: 
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Perhaps one of the most complicated resonance situations is found in a 
carbon plane of graphite. Some of the structures for a limited part of 
the plane are shown in Figure 7.25(1). 

Stability of some radicals may be explained by the great number of 
resonances which the removal of one atom makes possible. Thus if 
ionic structures are disregarded, the Kekul6 resonances are the only 
ones possible in hexaphenylethane, whereas in triphenylmethyl the 
following structures are possible: 
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instance, the hydroxyl hydrogen of phenol lies in the plane of the ring, 
the following additional resonating structures can be written: 
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If, on the other hand, the hydroxyl hydrogen does not lie in the plane 
of the ring, these structures would become impossible, since they would 
violate the rule that if two atoms are joined by a double bond all their 
substituents must lie in one plane. The coplanar position of the hy- 
droxyl hydrogen seems to be borne out by the infrared spectra of sub- 
stituted benzenes. 

7.26 BINDING BY ELECTRON HOLES In discussing the alkali 
halide molecules we found an example of one type of binding by electron 
holes. If one of the two reaction partners has a loosely bound electron 
while the other partner has a closed shell except for a vacant electron 
orbit, then the loose electron will fill the vacant orbit. The resulting 
electrostatic attraction between the ions holds the molecule together. 
A different, homopolar, binding by electron holes is obtained when two 
atoms with vacant orbits, for instance, two halogen atoms, react with 
each other. 

To understand the homopolar action of the holes, we must bear in 
mind that filling of the vacant electron orbits of the reactants would 
lead to a particularly stable electron configuration. We shall use this 
closed-shell configuration as a standard of energy and judge the strength 
of binding by estimating how much energy is released when the missing 
electron orbits are filled. It will be an indication of chemical stability 
if the molecule releases less energy than the two separated atoms would. 
In other words, electron holes lead to a homopolar bond if the electron 
orbits of the holes have a higher energy in the molecule than in the 
separated atoms. The electron holes will thus have to ^^occupy’^ states 
which we have called antibonding, which of course means the same thing 
as saying that as many of the electrons present as possible have to be 
put into bonding states. For the particular case of F 2 , the highest 
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molecular-orbital function is an antibonding o- state obtained from p 
states of the separate atoms, 'fhe two holes in the F2 molecule are both 
in this <r state. For an antibonding orbit the wave amplitude in the 
region between the two atoms is small, whereas the amplitude is large 
on the outside parts of the atoms. Thus the holes will be found with 
the smallest probability between the atoms, which again is merely a 
repetition of our earlier rule that in homopolar binding as many elec- 
trons as possible are located between the atoms. Similar statements 
hold for the other halogen molecules. 

It may be noticed that holes behave, in general, in an opposite way 
to electrons, seeking to occupy the highest rather than the lowest orbits. 
An electric field draws them in the opposite direction to electrons, and 
in this way they behave as though they were carrying positive charges. 
In fact, if the closed shell is considered as a basic neutral structure, their 
presence does cause a positive charge. By using the simplified concept 
of positively charged holes, the behavior of halogen atoms may be dis- 
cussed also in other than chemical respects. Thus in the theory of the 
halogen spectra it is permissible to a certain approximation to discuss 
the motion of one positively charged hole rather than the seven electrons 
in the outermost shell. The analogy with the positive charge is, how- 
ever, not perfect because the hole tends to occupy the state with the 
highest kinetic energy which a positively charged electron would not do. 

It is interesting to note in this connection that the application of the 
idea of holes in relativistic quantum mechanics has led to a theoretical 
prediction of the positron. In this curious application space is con- 
sidered filled up with a continuous infinity of electrons in negative 
energy states. The existence of these states follows from relativistic 
theory, but they have never been observed. The state of space in which 
all the energy levels are filled up corresponds to a closed atomic shell. 
The electrons filling the negative states are assumed to be unobservable. 
If any of the electrons in these negative states is missing, this becomes 
noticeable as a positron. Owing to the peculiar properties of negative 
energy levels in relativistic theory, this positron behaves in every respect 
as a positively charged electron. In particular, it differs from our posi- 
tive holes in that it tends to occupy low kinetic-energy states. But the 
positron retains the property of a hole in one respect. When it meets an 
electron, both the electron and positron may disappear, their energy 
being transformed into radiation. This process is a perfect analogue to an 
electron being captured by a rare-gas atom with a vacant orbit; the 
positron has played the role of the vacant orbit. This positron theory 
with its infinite number of unobservable electrons may seem unsatis- 
factory, and it may be actually replaced by a theory that places elec- 
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trons and positrons on an equal footing. But the ^^hole theory^' shows 
how close the similarity is between the positron and the vacant place of 
an electron in an atom, and it is interesting to observe the influence 
which our ideas of the known structure of matter had on the theory of 
elementary particles. 
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8.1 INTRODUCTION In treating the solids we shall have to apply 
the concept of atomic forces to a great variety of structures. In many 
cases the forces are not very different from those encountered in mol- 
ecules. We shall start by a rough classification of the forces acting 
within solids and then proceed by considering a few examples of the* 
great variety of structures to which these forces can give rise. Follow- 
ing that, we shall treat the more common types of forces which have 
been described in previous chapters in connection with inner- and inter- 
molecular forces acting within the solid. We shall emphasize, however, 
the problems which specifically arise in the discussion of the solid state. 
A more detailed discussion will have to be reserved for the metallic 
state which has no strict analogue in molecular structure. It will be 
shown that starting from the theory of the metallic state we may re- 
interpret all forces occurring in solids. As a final application we shall 
treat surface phenomena. 

We shall not discuss the problem of liquids. The forces operating in 
liquids are to a great extent similar to the forces in solids. The essential 
difference is that the thermal agitation has destroyed the long-range 
order that may have existed in the solid and that it has greatly facilitated 
the exchange of molecules, thus decreasing the viscosity and producing a 
fluid. The questions connected with liquids thus concern statistical be- 
havior rather than elementary forces or structures, and lie therefore 
outside the scope of this book. 

The important question of the extent to which a solid is ordered will 
receive only occasional brief references. The degree of ordering dis- 
tinguishes, in its extremes, crystals from amorphous substances, but 
there are many intermediate steps where the appearance is crystalline, 
and yet a certain element of disorder is present. This complex of ques- 
tions too is essentially of a statistical nature, and we shall refer to it 
only where it has some bearing on the nature of forces governing the 
solid structure. 
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8.2 FORCES ACTING WITHIN SOLIDS Solids have often been 
called giant molecules. There are a few solids for which this description 
is entirely appropriate. Perhaps the best example is diamond in which 
each carbon atom is bound by four homopolar single bonds to four 
neighboring carbon atoms and where, proceeding along bonds, any 
carbon atom can be reached from any other carbon atom in the lattice. 
There are, however, many solids in which the nature of the forces differ 
considerably from those usually associated with the idea of a chemical 
bond. In heteropolar crystals such as the alkali halides, probably a 
greater contribution to the binding is made by simple coulomb poten- 
tials acting between the ions than in any molecules. In fact, polarizabil- 
ity of the ions within molecules tends to equalize charges and reduces 
polarity, whereas, in ionic crystals in which the ions are symmetrically 
surrounded by other ions, the resulting polarizing forces are much 
smaller. 

A much greater qualitative difference exists between the weakly 
bound solids such as those obtained at low temperature by condensa- 
tion of the rare gases and the ordinary chemical structures. In these 
weakly bound crystals, the attraction is due to van der Waals forces. 
The class of van der Waals solids is in fact quite comprehensive and 
includes the solids composed of molecules. For instance, solid nitrogen 
or solid iodine and also solid benzene and other hydrocarbons are repre- 
sentatives of this class. Their only analogue among proper molecules 
are weakly associated dimers or polymers in the gaseous phase which 
are usually not called molecules in the stricter sense of the word. 

A further most important class of solids comprises the metals. We 
shall see that their properties differ very markedly from the properties 
of saturated molecules. Unsaturated molecules and radicals have some 
properties in common with metals, but the metals have so many unique 
characteristics that an analogy with any molecule is incomplete. 

The discussion of solids is further complicated by the fact that the 
demarcation lines among the four kinds of solids just mentioned are 
none too sharp. Thus solids such as ice in which the main binding forces 
are dipoles constitute a smooth transition between the most weakly 
bound van der Waals solids and the ionic structures. Polarization in 
ionic solids gives rise to a transition of this crystal type into the ho- 
mopolar structures. In fact, there is no quite clearly defined rule how 
many electrons shall be ascribed to one atom or ion and how many to 
another and we shall see later that the same crystal may be interpreted 
as homopolar or as heteropolar. Finally closely packed structures of 
any kind can go over almost imperceptibly into semiconductors and 
finally into metals. 
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In addition, it is possible that several types of binding are present in 
the same crystal. Threads or sheets of atoms may be held together by 
homopolar forces, whereas the interaction of these bigger units is of the 
van der Waals type. Polar structures may alternate with less polar 
bindings, and even the forces characteristic of metals may be most pro- 
nounced between some atoms, whereas in the cohesion of other atoms 
metallic properties play a lesser role. 

In some respects, however, the study of solids is simpler than that of 
molecules. First, purely geometrical considerations of arrangements 
of atoms in space are more easily determined in solids and can indeed 
be obtained more readily by X rays and by electron diffraction. Sec- 
ond, metallic conductivity gives direct and important information about 
the behavior of electrons in metals. Finally, macroscopic properties, 
such as cleavage planes, hardness, or melting points, give direct hints 
as to the microscopic structures. 

8.3 VAPOR PRESSURES AND MELTING POINTS OF SOLIDS 
As has been mentioned, the physical properties of solids are very closely 
related to the type of forces operating in them. Two properties of these 
forces are important: (1) their strength and (2) their directed or un- 
directed nature. Evidently, small forces are connected with a high 
vapor pressure as is the case in the van der Waals solids. In addition, 
we will expect that van der Waals forces are greater between heavier 
atoms and bigger molecules; this regularity has been known for a long 
time and can be illustrated by the vapor pressures in the solid state of 
the rare gases, halogens, or the series of hydrocarbons. The more 
tightly bound solids have a much lower vapor pressure. It is interest- 
ing to notice the lowering in vapor pressure which follows the polymeri- 
zation of organic compounds and the formation of plastics. 

The directed nature of forces influences the melting point more than 
the vapor pressure. The typically homopolar compounds like diamond 
have strictly directed valence angles, and correspondingly their melting 
points are sometimes so high that they are outside the range of con- 
venient physical observation. In ionic lattices the forces merely require 
that there shall be a great number of oppositely charged ions close to 
each other while the similarly charged ions are kept as far apart as 
possible. Although these requirements are sufficient to stabilize crystal 
structures, they do not make the angular relations so rigid as to make 
melting practically impossible. In metals we find frequently a tendency 
for a great number of nearest neighbors, resulting in close-packed struc- 
tures with not too rigidly fixed angles and comparatively low melting 
points. 
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8.4 SHEETLIKE STRUCTURES As has been mentioned already, 
alternation of stronger and weaker forces within certain crystals can be 
inferred from macroscopic physical properties. Perhaps the best exam- 


ple is that of graphite where the 
atoms in plane sheets can be repre- 
sented [Figure 7.25(1)] as one big 
unsaturated molecule. The different 
possible configurations of the con- 
jugated double bonds give rise to 
the same kind of resonance phe- 
nomena as has been discussed in 
the examples of the closely anal- 
ogous organic compounds. In 
these, the double-bond electrons 
•could be represented as wandering 
all over the molecule, and this 
analogy suggests that the binding 
contributed by the double-bond elec- 
trons in the planes of graphite is 
essentially a binding by free elec- 
trons, that is, a metallic binding. 
This consideration is borne out by 



Fig. 8.4(1). Plan of a single sheet in 
the black phosphorus crystal. (See also 
Structurhericht, Vol. Ill, page 6 , 1937.) 



Fig. 8.4(2). Diagram showing the 
structure of muscovite mica, 
(OH)2KAl2(Si3Al)Oio. 


the metallic conductivity of graphite. The separate sheets in graphite are 
held together by much weaker forces, as shown by the exceedingly easy 
cleavage of the crystal. Actually the valence picture can be satisfied 
within one plane, and we will not be far off in saying that graphite con- 
sists of metallic and therefore exceedingly highly polarizable sheet 
molecules held together essentially by van der Waals forces which for 
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big polarizable molecules are quite considerable but yet inferior to the 
strong forces operating within the sheets. 

Another example of a sheetlike structure is found in black phosphorus 
in which the atoms are arranged in staggered sheets as shown in Fig- 
ure 8.4(1). The circles marked A represent atoms slightly above, those 
marked B slightly below, the average plane of the sheet. Each atom 
has three neighbors satisfying the three valencies of phosphorus. The 
staggered nature of the sheets is due to the fact that in phosphorus, as 
in nitrogen, the valence angle is smaller than 120'^. Separate sheets are 
held together by van der Waals forces. This simple picture is somewhat 
complicated by the fact that black phosphorus does possess an electric 
conductivity. Black phosphorus and graphite are examples of sheets 
within which homopolar bonds are the greatest stabilizing factors with 
various tendencies of the electrons toward free metallic motion. 

A sheetlike structure is even more strikingly exhibited by the exterior 
behavior of the crystal in the case of the micas. But in the micas the 
structures become a little more complicated. One “simple’^ structure, 
that of muscovite is shown in Figure 8.4(2). In this case the sheets 
themselves have complex structures; the binding between the sheets as 
well as within them is of ionic character but the different ionic radii and 
charges insure an easier cleavage near the univalent alkali ions. In 
other micas the electrical neutralization within each layer is more per- 
fect, and the interactions between layers are due only to multipole and 
polarization forces characteristic of van der Waals attractions. 

8.5 THREADLIKE STRUCTURES We have just seen that some 
crystals far from constituting a homogeneous latticework can be nat- 
urally subdivided into sheets. In a few crystals, the natural subunits 
are one-dimensional structures or threads which in turn are held to- 
gether by weaker forces. We may consider sulfur as one example. 

In the ordinary rhombic sulfur one finds ringlike Sg molecules in 
which each sulfur atom is linked to two neighbors; the valence angle of 
105 ° causes the ring to be puckered. On 
being heated to about 200° C., sulfur 
becomes a very viscous liquid in which 
the rings have opened up, and the ends 
unite to form long chains. The long 
chains impeding each other^s motion 
explain the high viscosity. If this liquid 
is now cooled, amorphous sulfur is obtained which still consists of long 
chains in a disorderly arrangement. Amorphous sulfur has rubber-like 
qualities. On stretching, chains which originally were bending around 



Fig. 8.5(1). Sulfur chains in 
stretched plastic sulfur. 
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in a random fashion assume the more orderly structure shown in Fig- 
ure 8.5(1). The sulfur chains while retaining the valence angle follow 
in general straight lines. This more orderly arrangement causes sulfur 
to crystallize under high tension, a further peculiarity in which it resem- 
bles rubber. Somewhat similar crystalline structures are found for 



Fig. 8.5(2). Diagram showing the 
structure of selenium. The spiral 
chains extend indefinitely through 
the crystal in the vertical direction. 


selenium and tellurium in which 
chains with each atom bound to 
two neighbors spiral round parallel 
axes, Figure 8.5(2). 

Among the silicates there are also 
found threadlike arrangements of 
strongly bound groups. Thus in 
pyroxene minerals, for example, 
CaMg(Si 03 ) 2 , chains of Si 04 tetra- 



Fig. 8.5(3). Chain of tetrahedra in a 
pyroxene mineral. 


hedra are found in which two neighboring tetrahedra always share one 
oxygen. One such chain is shown in Figure 8.5(3). The chains carry a 
total negative charge and are bound together by positive calcium and 
magnesium ions placed between them. Many of these silicate-containing 
chains show macroscopically a fibrous structure. 

8.6 VAN DER WAALS SOLIDS In the last two sections we have 
seen how the difference in the nature of forces has brought about within 
the sohds extensive substructures the presence of which manifests itself 
in the macroscopic properties of the body. There is a much larger class 
of sohds in which the difference in strength of the forces causes finite 
spatial groups to exist as subunits. These groups can then be called 
molecules in a more strict sense. 

► The character of these solids is determined by the fact that with the 
use of relatively little energy they can be decomposed into smaller units. 
We shall treat in this section the case where this decomposition requires 
a minimum energy. Tliis will be so if no dipoles are attached to the 
constituent molecules and the forces discussed in section 6.5 are respon- 
sible for holding the solid together. 
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Among the general properties of the van der Waals solids we have 
just mentioned is the small energy of sublimation. The fact that the 
van der Waals interaction between two nondipole molecules does not 
affect in first approximation their interaction with a third molecule 
means that there is no tendency towards the formation of bigger groups 
containing several molecules. Further, these van der Waals forces 
depend on direction only when the interacting molecules are not spheri- 
cal and only insofar as these molecules tend to get into close contact 
and particularly tend to bring their polarizable parts as close together 
as possible. This will result in closely packed structures, and the 
absence of directional forces gives rise to easily deformable solids with 
low melting points. 

The simplest crystals of this type are obtained by solidifjdng the rare 
gases. We shall leave out of consideration here helium, in which the 
very low van der Waals binding energy and the small mass of the helium 
atom make it necessary to take quantum effects into account when 
discussing the positions and motions of the helium nuclei. This 
makes helium a unique substance. The motion of all other nuclei 
in physico-chemical processes can always be described by classical 
theory in reasonable approximation and most often in excellent 
approximation. 

In crystals of neon, argon, krypton, and xenon the atoms are arranged 
in the way in which spheres can be packed together most tightly. Each 
atom has 12 nearest neighbors. The melting points rise regularly with 
increasing atomic weight as would be expected from the greater polari- 
zability in the heavier atoms. 

But the agreement between expectation and experience does not 
extend to the finer details, of the crystal structure. We shall give a de- 
tailed discussion of a structure in order to illustrate the difficulties 
which arise if one attempts to explain quantitatively even the simplest 
of the crystals. 

The actual arrangement of atoms is that of cubic close packing. This 
structure can be described in terms of hexagonal sheets of atoms, one 
such sheet being shown in the Figure 8.6(1). The circles with the nu- 
meral 1 in their centers represent the atoms of a sheet. A second similar 
sheet is placed on top of the first, with the atomic centers situated above 
the points designated by the numerals 2. Thus each atom of the second 
sheet will touch three atoms of the first. The sheet lying above the 
second sheet will have its atoms vertically above the numbers 3 in the 
figure so that each atom of this sheet will again touch three atoms of the 
previous sheet. The atoms of the fourth sheet lie vertically above the 
atoms of the first and from there on the structure repeats itself. Thus 
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each atom is surrounded by 12 other atoms, 6 from its own plane, 3 from 
the plane above, and 3 from the plane below. 

A second close-packed structure of spheres is known which differs 
from the one observed in rare-gas crystals, namely, the hexagonal close- 
packed structure. This structure contains sheets similar to the cubic 
close-packed structure. The atoms in the first and second sheets have 
actually the same position as in the cubic close-packed arrangement. 
But the atoms of the third sheet do not lie perpendicularly above the 
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Fig. 8.6(1). Diagram of cubic close-packed structure, 
cate atoms in successive crystalline planes. Starting 

structure repeats itself. 
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from plane number 4, the 


positions designated by the number 3 in Figure 8.6(1); they lie per- 
pendicularly over the atoms of the first layer. Thus the layers alter- 
nate between the positions 1 and 2 rather than alternating cyclically 
among the positions 1, 2, and 3. 

The number of nearest neighbors is the same in the hexagonal and 
cubic close-packed arrangements. If the lattice energy is considered as 
the sum of interactions between neighboring atoms, no difference is 
obtained for the energies of the two arrangements. It is then of interest 
to ask why the rare-gas crystals have cubic rather than hexagonal arrange- 
ments. 

We might suspect that the cubic close-packed arrangement is stabil- 
ized by interaction between second and perhaps further neighbors. 
Though the van der Waals potential decreases with the sixth power of 
the distance, the great number of farther atoms could possibly make 
their influence significant. But if the sum of interaction potentials 
among all pairs of atoms is taken, it is found that the lattice energies 
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for the hexagonal and cubic arrangements differ by less than one thou- 
sandth of their value, and whatever difference exists would tend to 
stabilize the hexagonal rather than the cubic lattice. The small value 
of the difference between the energies of the two arrangements would 
lead us to expect that a random mixture of the two lattice arrangements 
would result with a layer of type 2 or 3 following layer 1, a layer of type 
3 or 1 following 2, and a layer of type 
1 or 2 following 3, without any rela- 
tion to the further removed layers. 

It seems that in order to explain 
the stability of the cubic lattice it is 
necessary to assume that the forces 
within the crystal are not strictly 
additive; that is, the interaction be- 
tween any two atoms is influenced 
to some extent by the configuration 
of other atoms. It is most likely 
that the bulk of the lattice energy is 
due to simple additive forces acting 
between pairs of atoms. In fact, 
the lattice energy can be estimated 
satisfactorily on this basis using 
the experimentally known constants 
for the rare-gas atoms and the for- 
mula for the van der Waals potential 
given in section 6.5. But the actual structure of the solid cannot be 
obtained without taking into account the presumably small nonadditive 
corrections which have to be applied to these potentials. That the 
actual structure of a solid depends on a delicate balance of energies is a 
rather common occurrence and explains the polymorphisms, that is, 
changes of structure at certain temperatures and pressures, that are so 
frequently observed. 

Though the van der Waals forces are generally speaking nondirected, 
they nevertheless can produce somewhat complicated crystal arrange- 
ments if the molecules to be packed are nonspherical. The structure of 
benzene which may serve as an example is shown in Figure 8.6(2). The 
groups of three circles represent three C-H groups of a benzene ring 
whose plane is at right angles to the plane of the paper. The other three 
C-H groups are immediately underneath. The shaded molecules are 
displaced vertically with respect to the unshaded ones. Thus the crystal 
consists of alternating planes represented by the shaded and the non- 
shaded part of the figure. 



Fig. 8.6(2). The structure of ben- 
zene. The shaded molecules are dis- 
placed vertically relative to the 
others through one-half the height 
of the unit cell. 
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The interatomic distances between atoms within a molecule are, as 
a general rule, somewhat greater in a van der Waals solid than in the 
corresponding gas. As an example we may mention iodine. The dis- 
tance between two iodine atoms of the molecule is 2.65 A, in the gas, 
whereas the distance in the solid is 2.70 A. Great distortion of distances 
within molecules signifies, of course, a tendency to depart from the pure 
molecular lattice and an approach to a more uniform binding between 
all neighbors. 

A somewhat more explicit explanation of the greater inner-molecular 
distances of a van der Waals solid can be given in terms of the depend- 
ence of the forces on polarizabilities. According to this theory, the 
interaction energy of molecules increases with increasing polarizability 
of the molecules. Now the polarizability usually becomes greater with 
increasing distance between the atoms within a molecule. The energy 
necessary to change slightly the inner-molecular distances is more than 
compensated by the increased interaction between the molecules. Gen- 
erally speaking, the ground state of an isolated molecule represents the 
strongest possible binding of the constituent particles, and it is not sur- 
prising that the structure is somewhat loosened if the particles are sub- 
ject to additional external forces. 

8.7 DIPOLE STRUCTURES, THE HYDROXYL BOND AND 
THE HYDROGEN BOND Van der Waals forces holding crystals 
together are, of course, much stronger if they are produced not merely 
by the interaction of polarizabilities but by permanent dipoles. Attrac- 
tion due to such dipoles will, of course, favor certain orientations, thus 
giving rise to quite complex structures. 

If the dipole is due to a hydrogen-containing group such as OH or 
NH 2 , the binding often shows a peculiar behavior which is not quite 
completely described by the simple picture of dipoles. We have already 
seen in discussing the interaction energy between water molecules that 
consideration of a detailed distribution of charges within the water 
molecule will have a decisive influence on the most stable configuration 
of these molecules with respect to each other. Thus the arrangement 
shown in Figure 8.7(1)A would be the most stable configuration of 
water molecules if we describe the electrical properties of the molecule 
by attaching to it one dipole moment bisecting the H-O-H angle. If, 
however, we take into consideration the existence of two distinct centers 
of positive charge in H 2 O, we find that the configuration shown in 
Figure 8.7 (I )R is probably the more stable one. The interaction energy 
for this configuration can be estimated, and we find that it is of the 
right order of magnitude to explain the binding energy of ice. In fact. 
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the structure of ice can be described by placing four hydrogen atoms 
around each oxygen in a tetrahedral distribution. Two of these hydrogen 
atoms belong to the same molecule as the oxygen atom while two others 
belong to adjacent oxygen atoms and point toward the oxygen atom in 
question. The hydrogen atoms within the same molecule are rather 
closer to the oxygen atom than are the other two hydrogens; but beyond 
each of the four hydrogen atoms on four straight lines there are found 
four oxygens at equal distances from the original oxygen atom. Each 
0-0 distance is a sum of two unequal distances 1.1 A. found within a 
molecule and approximately 1.6 A. found for the distance between the 
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Fig. 8.7(1). Stable configurations for two water molecules assuming 

A. Interaction of dipoles 

B. Excess charges on individual atoms. 


H atom of one molecule and the 0 atom of an immediate neighbor. 
Actually the X-ray investigation of ice fixes only the distance between 
O atoms, whereas the positions of the H atoms are inferred from spec- 
troscopic data obtained in gaseous H 2 O. 

Because of the difficulty of packing tetrahedra closely, ice has a 
rather open structure and a low density. In this case the electrostatic 
forces trying to pull positive and negative charges as closely together as 
possible have produced the loose tetrahedral co-ordination. Any closer 
packing, though favored by the interaction of polarizabilities, would 
necessitate closer approach of charges of the same sign. We may con- 
sider this situation as the first though not the best example of an impor- 
tant principle in the building of ionic crystals which we shall call the 
principle of microscopic neutrality. In reality this principle, the name 
of which is self-explanatory, is merely a statement which helps in find- 
ing without a detailed calculation a configuration of charges with the 
lowest electrostatic energy. 

Although the structure of ice can be explained by essentially electro- 
static reasoning, there is some evidence that the hydroxyl groups both 
in OH 2 and in the ion OH"” tend to follow each other not in a straight 
line but rather in an angle not very different from the tetrahedral angle. 
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A relatively simple example of such a binding of OH groups is found in 
the structure of boric acid, B(OH) 3 , which forms a layer crystal. Some 
layers are represented in Figure 8.7(2). The angular disposition of the 
OH groups is evident. We might again argue that the structure is 
mainly stabilized by electrostatic forces, Another possible explanation 
can be given in terms of directed valencies. If a positive charge ap- 
proaches the OH”" ion, the most stable configuration will be found for 
that direction of approach in which a proton would be bound to OH”" 



to form the H 2 O molecule. In fact, an electron orbit can be constructed 
that protrudes relatively far in that direction and the electrons of which 
may meet relatively easily the approaching positive charge. From the 
pure electrostatic reasoning we might expect that the best possible line 
of approach of a positive ion A"*" is along the 0-H axis as shown: 

A+ 0— H 

But the same detailed consideration of the electron orbits which explains 
why the H-O-H angle in water is not 180° may also cause the A"^ ion to 
approach from another direction than along the axis. 

The same kind of consideration can also be applied to H 2 O when a 
positive ion approaches. Since the ion HaO"^ as well as the isoelectronic 
ammonia have a pyramidal structure, it is possible that the most favor- 
able direction of approach for the A"^ ion is in a direction outside the 
H 2 O plane. Thus, not only is the A"*" ion attracted to the negative re 
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gion of the H2O dipole, but also it is attracted in a directional way, the 
direction being determined by that of the bond which could be formed 
were the positive ion to approach closely enough to be incorporated in 
the molecule. The expression “residual valency^^ may be correctly 
applied to describe such a binding due to a preferential polarizability of 
the molecule that corresponds to a potential bond formation. The 
residual valence of the OH group which tends to attract positive ions 
roughly at a tetrahedral angle to the 0-H axis, is sometimes called the 
hydroxyl bond. 

A similar situation should occur with the NH2"“ ion where one would 
expect the A“^ ion to be attracted from a direction forming roughly 
tetrahedral angles with the N-H bonds. That NH3 attracts a positive 

ion in such a way as to form a HsN- A"^ tetrahedron is due both to 

the action of directed residual valences and to the simpler reason that 
the A"*" ion must approach the negative N from the direction which is 
not occupied by positive hydrogens. 

The attraction of a hydrogen atom for a neighboring negative ion is 
so pronounced that a symmetrical structure has been suggested in 
which the hydrogen is equally strongly bound to the atom to which it 
was attached originally and to the other atom with which, according to 
the original picture, it should interact only with van der Waals forces. 

As an example one may quote the dimerization of formic acid. If in 
this dimer the hydrogens of the two hydroxyl groups are placed sym- 
metrically between two oxygens, two hydrogen bridges between the 
two formic acid molecules are formed. We have discussed this structure 
in section 7.24 and found that the energy of formation of the dimer may 
be explained without actual sharing of the hydrogens. 

A direct decision could be obtained by determining the positions of 
the hydrogen atoms, but our diffraction methods are not capable of 
doing this. There is some indirect evidence in the formic acid dimer 
for the presence of resonance. All distances between neighboring C 
and 0 atoms have been found to be equal, whereas in the absence of 
resonance we would expect the C==0 distance to be smaller than the 
C — 0 distance. It must be remembered that even the pure electro- 
static van der Waals forces will stretch the original bond by which the 
hydrogen was held while causing an approach of the hydrogen to a 
neighboring negative ion. Thus a gradual transition is possible between 
the pure electrostatic binding and the resonance binding which occurs 
for symmetrically located hydrogens. 

8.8 IONIC CRYSTALS Simple examples of ionic crystals such as 
the^alkali halides were among the first to be subjected to a theoretical dis- 
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cussion. The reason for this was that the main part of the binding energy 
is a simple electrostatic attraction, and thus the energy of formation of 
the crystal could be estimated from the ionic charges and the ionic dis- 
tances. In order to obtain accurate results one must include, of course, 
other forces such as the interactions of the polarizabilities, the van der 
Waals repulsion forces, and also that part of the van der Waals forces 
which describes the polarization of one ion by the charge of the neigh- 
boring ions. The latter forces, though exceedingly important in a 
gaseous alkali halide molecule, are far less strong in an alkali halide 
crystal in which each ion is symmetrically surrounded by a relatively 
great number (six or eight) of oppositely charged ions, the fields of 
which cancel each other to a considerable extent. But just because the 
main effect cancels, the residual polarization is difficult to calculate and 
has not been taken into account. The effect of the other forces has 
been taken into account, and it has been proved possible to establish a 
relationship, with their help, between the energy of formation of the 
crystal and some other properties. Among the latter, the compressibil- 
ity of the crystals is of particular importance since it gives a measure of 
the forces that are produced by changing the distance between the ions. 

In Table 8.8(1) calculations on the energy of formation of the alkali 
halide crystals are summarized and compared with experimental data. 
(The fluorides have been omitted because for these substances experi- 
mental data are incomplete.) The first column contains the substances. 
The second column gives the electrostatic energies per molecule, that is, 
the work that has to be performed against electrostatic attractions and 
repulsions of point charges if the lattice is decomposed into isolated ions. 
This energy, as well as all the following energies, is measured in units of 
electron volts. 

In the third column the energies are listed which are due to the 
interaction of polarizabilities. Only the forces between the highly 
polarizable negative ions are of importance. To calculate these, data 
on the spectra and refractive indices of the alkali halide crystals were 
used. It may be noticed that in this way not the properties of the free 
halogen ions were used as the basis of the calculation, but rather the 
properties of the halogen ions as modified by their surroundings in the 
crystal. The figures given in the third column are, therefore, semi- 
empirical, but their importance is comparatively small. 

The potential energies due to the van der Waals repulsive forces are 
given in column four. In calculating this potential, it is assumed that 
the forces have the exponential form discussed in the previous chapter. 
But two constants (the factor in front of the exponential and the factor 
multiplying the interionic distance in the exponent) have been adjusted 
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empirically. These constants have been chosen in such a way as to 
obtain the correct densities and compressibilities for the crystals. It is 
interesting to compare this empirical formula with the one given in 
section 7.3. There we have found that the exponent in the van der 
Waals repulsion force depends on the binding energy of the most loosely 
bound electron. In the present case this is the binding energy of the 
extra electron on the negative ion. (This binding energy is called the 
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“electron afSnity.^O IJi the empirical van der Waals formula the 
exponential factor drops off somewhat more sharply than is predicted 
by our formula in the previous chapter, if the electron affinity of free 
negative ions is used in that formula. We may, indeed, expect that in 
the crystal the outermost electron of the negative ion may be a little 
more confined to the neighborhood of the ion than is the case for the 
free ion. 

Column five gives the end result of the theoretical calculation, the 
^ ^lattice energy.” This energy is defined as the work needed to dissociate 
the lattice into pure positive and negative ions. Like all other energies 
in the table, the lattice energy is expressed in units of electron volts and 
is to be interpreted as the energy per alkali halide molecule. The lattice 
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energy is calculated by adding the energies in columns two and three and 
then subtracting the repulsive energy in column four. Actually a fur- 
ther small correction was included in the figures of column five. Because 
of the uncertainty principle, atomic nuclei are not quite sharply localized 
even when they are in the lowest possible energy state. Thus the nuclei 
will not be found exactly in the equilibrium positions of the lattice to 
which the numbers of columns two, three, and four would apply. We 
can apply the needed correction by subtracting the “zero-point energy^^ 
of lattice vibrations from the value obtained from the previous columns. 
It should be emphasized that this correction is small and that it can be 
obtained with quite a high accuracy from the experimentally known 
lattice frequencies. 

Column six gives the experimental values of lattice energies obtained 
by Mayer and Helmholtz. The procedure was to measure the concen- 
tration of alkali and halogen ions in the gas phase over a heated alkali 
halide crystal. The lattice energy can then be determined from simple 
thermodynamic relations. These measurements have been carried out 
for only a few kinds of crystals. In column seven are shown similar 
measurements by Saha and Tandon and by Tandon. 

The last column gives the lattice energy obtained by a more circuitous 
procedure; the Born-Haber cycle. We consider the dissociation of the 
lattice into the ions in the follomng steps: (1) The lattice is decomposed 
into the solid alkali metal and the diatomic molecules of the halogen 
gas. (2) The alkali metal is evaporated, and the halogen molecules are 
dissociated. (3) The alkali atoms are ionized, and the electrons so 
obtained are attached to the halogen atoms so that we are left with 
positive alkali ions and negative halogen ions in the gas phase. The 
energy of each step mentioned has been measured. In this way we 
obtain an independent experimental value for the lattice energy. This 
value is shown in colunm eight. 

It may be seen that the difference between theory and experiment is 
not greater than the difference between the various experimental fig- 
ures. Of course, the theoretical derivation contained, in many instances, 
empirical constants; but these empirical constants were never adjusted 
to give the best fit for the lattice energies but rather to describe some 
other properties of the crystals such as density, compressibility, refrac- 
tive index or the ultraviolet absorption. On the whole, it may be said 
that the agreement which has been obtained is a fine confirmation of the 
method used in calculating forces and energies within a polar solid. 

Though the ions are fairly good subunits in these crystals and thus 
the crystals can be discussed in fairly good approximation by consider- 
ing the interaction of these subunits, our discussion of the rare-gas 
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crystals indicates that a detailed explanation of even the simplest lat- 
tice is very difficult. Thus the simple lattice theory applied to the 
alkali halides has failed to predict in a satisfactory way the frequency 
of those lattice vibrations in which all positive ions move in one direc- 
tion and all negative ions move in the opposite direction. The indica- 
tions are that in this kind of a displacement the restoring forces are of 
a somewhat different nature from those in the displacement which cor- 
responds to a simple compression of the crystal. It will perhaps be neces- 
sary to introduce nonadditive forces, that is to assume that the interac- 



Fig. 8.8(1). Structures of sodium chloride and caesium chloride. 

tion between two ions is influenced by the presence and position of a 
third ion. Another problem, the complete clarification of which lies 
outside the scope of the simple lattice theory, is connected with the 
stability of the two crystal structures common among alkali halides, 
namely the sodium chloride and caesium chloride structures. The 
structures of these two salts are represented in Figure 8.8(1). 

Qualitatively, it is easy enough to understand the factors which 
stabilize one or the other of these structures. If the two ions in the 
lattice are of very different sizes, that is, if the negative ion is very 
much larger than the positive ion, then the negative ions actually touch 
and form a cubic close-packed structure with the positive ions fitting 
into the interstices. In the sodium chloride structure, shown in Fig- 
ure 8.8(1)A, each ion is surrounded by six ions of the opposite charge. 
But the second neighbors of each ion are 12 ions of a similar charge 
which have the same configuration as the 12 neighbors of a rare-gas 
atom in a rare-gas crystal. 

Thus in sodium chloride structure the factor determining the con- 
figuration of the ions is the desire of the highly polarizable negative ions 
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to be closely packed. In such a close packing the interaction of the 
polarizabilities of the negative ions are fully effective while the placing 
of the positive ions into the interstices more than compensates the 
repulsion of the negative ions. 

The caesium chloride lattice is stable if the positive and negative ions 
are of comparable size. Then there is no room in the interstices of the 
closely packed negative ions for the positive ions, and that structure 
becomes more stable in which each ion is surrounded by as many oppo- 
sitely charged ions as possible. This happens in the caesium chloride 
structure where the number of closest neighbors, which was six for 
sodium chloride, is increased to eight. 

Quantitative calculations of lattice energies prove the stability of the 
sodium chloride type for very unequal ionic radii in agreement with 
experience, but, if the radii of the positive and negative ions are not 
very different, theory predicts a rather small energy difference between 
the two structures and is not quite sufficient to predict the structure of 
such alkali halides in every instance. Again, a more detailed descrip- 
tion of the forces seems to be necessary before a complete explanation 
can be expected. 

Although the number of ionic crystals is very great, the general 
principles governing their structure are the same as have been mentioned 
before. The structure is primarily determined by two factors: (1) the 
principle of microscopic neutrality which requires that ions of opposite 
charge should be as close as possible to every ion, thus giving effectively 
as uniformly neutral distribution of charge as possible; (2) the strong 
van der Waals repulsion which sets in rather abruptly when the ions 
approach to a distance where their electronic distributions begin to 
overlap. It is to be expected and is roughly verified that this distance 
can be written as the sum of two distances characteristic of the two 
neighboring ions called the atomic radii. We have already implicitly 
used these radii in discussing the alkali halides. The interplay of the 
coulomb forces and microscopic neutrality tending to draw opposite 
ions close together, with the influence of ion radii not allowing an 
approach of the ions beyond a certain limit, produces varied and some- 
times quite complicated crystal structures. 

8.9 IONIC COMPLEXES It often occurs in ionic crystals that a 
small group of ions is held together by particularly strong forces thus 
effectively forming a subunit in the ion structure. If these subunits are 
themselves neutral, we may expect them to be held together merely by 
van der Waals forces, and a van der Waals crystal is obtained. If on 
the other hand, the subunits happen to carry a net charge, we can con- 
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sider them as great ions or more specifically as complex ions which 
themselves are building blocks of which the crystal is formed. Well- 
known examples of complex ions are CN“”, Ns", NO2"", CO3 , SO4 , 
NH 4 "^, [Fe(CN) 6 ] , CUCI 4 , and others. With the exception of 

the diatomic and triatomic ions, all examples are built around one cen- 
tral ion. The central ion is as a rule small and strongly charged and can 
hold neighboring ions by forces stronger than those by which the neigh- 
boring ions are held to further ions in the crystal. Since positive ions 
are usually smaller than negative ones, the central ion is as a rule posi- 
tive, the only notable exceptions being NH 4 "^, and HsO"^ complexes in 
which the central atom has to be regarded as the negative constituent. 
Frequently the central ion has a positive charge so high that under 
normal circumstances we would expect it to attract electrons and at 
least partly neutralize its charge. Such are the in CO3 , the 

g+++-f-++ gQ^ ^ even the ion in CIO4". These 

ions achieve stability by attracting and polarizing negative ions so that 
the high ionization energy is compensated by the high electrostatic 
energy thus liberated. The net effect is that, for instance, in SO4 
electrons of the S atom are shifted to the outside onto the 0 atoms, thus 
getting further apart while remaining in a region of moderately strong 
nuclear attraction. Of course, it is possible to represent ions like SO4 
by starting with a more uniform distribution of charges and writing, for 
instance, the formula for SO4 as a resonance of structures of the type: 



There are six such structures corresponding to six possible selections of 
two oxygens. Further structures can participate in the resonance; there 
is of course a continuous transition between the purely ionic structure 
and the one in which resonances between homopolar structures pre- 
dominate. 

The geometrical arrangement of the atoms or groups in the complex 
around the central atom can be considered from different angles. In the 
pure ionic description the electrostatic repulsion and the ionic radii will 
try to separate the outer ions or groups of the complex as far as possible 
from each other. This will very naturally give rise to a linear arrange- 
ment in a triatomic complex, to a symmetrical plane arrangement in a 
tetratomic ion like CO3 , to a symmetrical tetrahedron arrangement 
in an ion like SO4 , and to the arrangement on the six corners of a 
symmetrical octahedron in an ion like Code . It is significant 
that these geometrical configurations are always the stable ones if the 
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total number of valence electrons in the complex is just sufficient to 
give rise to rare-gas shells around the outer ions while leaving the cen- 
tral ion bare. Other ions such as the bent NO 2 "" and the low pyramidal 
SO3 do not satisfy the aforementioned condition and indicate that 
in such ions other forces than those due to electrostatics and van der 
Waals repulsion not only are present but also have an influence on the 
geometrical configuration. The previous statements about complex 
ions can be generalized to cover polyatomic molecules; thus CO 2 with 
16 valence electrons is linear while NOCl is bent. Of course, this does 
not prove that the former compounds are purely ionic but merely shows 
that, whenever a stable ionic structure can be written with all electrons 
accommodated on outer ions, the other important resonating structures 
will as a rule not give rise to directed valencies in directions that would 
prohibit the simple linear, planar, or tetrahedral structures. 

The other way to determine the geometrical configuration of a com- 
plex ion is by considering the forces within the ion as directed valence 
forces. Thus the structure of NO 2 "" can be written as a resonance of 
the two structures: 

0=N— 0- ~0— N=0 

Now we have seen earlier that the three valencies of nitrogen tend to 
include angles smaller than 120°, and a bent structure of the N 02 “' be- 
comes plausible. It is to be noted that such bent structures are never 
favored by the valence picture if the central ion does not carry some un- 
shared electrons. Indeed, whenever all the orbits of a shell around the 
central atom are available for the construction of valence-orbital func- 
tions, we can always construct these functions in such a symmetrical 
way as to give rise to the same geometrical configuration as the one 
obtained from the pure ionic structure. We might imagine that the 
reason for the bent nature of N 02 '“ is the presence of two unshared 
electrons on the nitrogen atom which occupy an orbit extending toward 
the third corner of a triangle, two corners of which are occupied by the 
0 atoms. 

A particularly interesting influence of directed valence orbits in 
complex ions is afforded by the [Ni(CN) 4 ] complex. Surprisingly 
enough, the (CN)“ groups occupy the corners of a square rather than 
the corners of a tetrahedron. To explain this we must use a description 
already implied in the previous discussion. We first take two electrons 
from the Ni atom so that we can form four (CN)~ ions. Then we have 
to group these (CN)”" ions around the ion in such a way that the 
electrons of the (CN)^ ions which are turned toward the Ni"^"^ shall be 
able to penetrate as far toward the central ion as possible. One electron 
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pair from each (CN)“ ion will be used for that purpose, thus giving a 
partial single-bond character to the Ni-CN bonds. We have therefore 
to accommodate four electron pairs in four orbits around Ni'^"^; these 
orbits must be unoccupied in the original ion and indeed must be orthog- 
onal in the wave-mechanical sense to those orbits already occupied. 
Now in Ni"^"^ the 3s and 3p shells are filled, and eight more electrons 
are placed in 3d and 4s orbits. The angular dependence of a d orbit 
alone is a little difficult to write, but the hybridization of the s orbits 
and the five d orbits leads to the same angular dependence as that of 
the six functions y^, z^j xy^ xz, yz. Of these six orbits, four are oc- 
cupied by the eight 3d electrons, and two are available together with 
three somewhat higher 4p orbits. The latter have the same angular 
dependence as the functions x, ?/, and z. Using a linear combination of 
a p orbit with an unoccupied hybridized sd orbit, we may construct 
such an orbit which extends particularly strongly in one direction. The 
angular dependence of such an orbit can be written symbolically as 
x^ + Xj which function extends far in the positive x direction. If in 
addition to the p orbit of the type x which we have already employed 
we use just one more p orbit, for instance y, we may construct altogether 
four symmetrically situated valence orbits which can be written as 
x^ + X, x^ — X, y^ + 2/, and y^ — y, extending, respectively, in the posi- 
tive X direction, in the negative x direction, in the positive y direction, 
and in the negative y direction. We actually obtain, therefore, four 
valence orbits pointing towards the four corners of a square by using 
two hybridized functions and combining them with two p functions. 

If we had constructed the four valence orbits by using three rather 
than two p functions, it would have been possible to obtain a tetrahedral 
co-ordination for [Ni(CN) 4 ] , but 4p orbits lie higher than the 3d and 

4s orbits so that it is reasonable to use as few of the p orbits as possible. 
By using other combinations of s, p, and d orbits we can obtain prac- 
tically any co-ordination we choose. For instance, by using three 
hybridized sd orbits and three p orbits we may construct six orbits 
x^ + X, x^ — Xj y^ y^ — y, ^ z and z^ — z, pointing towards 
the six corners of an octahedron. This co-ordination is indeed quite 
common. But it should be noticed that a specific effect of directed 
valences in co-ordination complexes should be expected only if there 
are not too many orbits of the central ion available to be filled in by 
electron pairs drawn from the outer ions. If the number of the available 
orbits is too great, this will mean that the electron pairs can be accom- 
modated in orbits of any geometrical configuration; that is, no pro- 
nounced directional effects exist. Thus it becomes clear why directed 
co-ordination bonds are found for those transition elements in which a 
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d shell is nearly filled and only few d orbits are free for occupancy by 
electron pairs participating in co-ordination bonds. 

8.10 HOMOPOLAR CRYSTALS The best-known example of a 
crystal in which all atoms are linked together by strictly homopolar 
bonds is diamond, the structure of which is shown in Figure 8.10(1). 
Each carbon is surrounded by four other carbons situated on the cor- 



0 1 2 3 4 5A 

Fig. 8.10(1). The structure of diamond. 


ners of a tetrahedron. The valence orbits can be considered the same 
as the C-C bond in a molecule. 

Just as it is impossible to discriminate strictly in a general way between 
a homopolar and a heteropolar bond, so there exists a continuous transi- 
tion between homopolar and ionic crystals. The diamond is, of course, 
strictly homopolar since there is no reason for the electron pair shared 
between two neighboring carbons to be attached more strongly to the 
one atom than to the other. A gradual transition from the homopolar 
to the ionic lattice takes place in the series of the crystals of diamond, 
aluminum phosphide, zinc sulfide, and silver iodide. The structure of 
ZnS is shown in Figure 8.10(2); AlP and Agl have similar lattices which 
differ from the diamond lattice in that each atom is now surrounded by 
four atoms of the opposite kind. A symmetrical surrounding of this 
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kind may seem in the first moment rather strange for aluminum phos- 
phide which consists of trivalent atoms. We may explain the structure 
chemically by assuming either that a crystal consists of univalent Al"" 
and univalent P"^ ions or that very small Al"^"^"^ ions occur in the inter- 


stices of the close-packed structure 
explanation involving univalent ions 
reality it is largely a matter of defi- 
nition which of the two ionic struc- 
tures we adopt. The essential fact 
is that the sum of the valence elec- 
trons of aluminum and phosphorus 
is eight and therefore just sufficient 
to fill four valence orbits shared by 
the aluminum and phosphorus. We 
may arbitrarily associate all these 
eight electrons with the phosphorus 
giving none to the aluminum which 
would lead to P and Al'*"“‘""^ 
ions, or we might almost equally ar- 
bitrarily assume that one electron of 
each pair belongs to phosphorus and 
one to aluminum which will then 
lead to the Al~, P*^ formula. 

Similar statements may be made 
about zinc sulfide in which either 
the S or Zn , S"^"^ for- 


of very large P ions. The 
will probably be favored. But in 



mula can be postulated. The former yiq . 8.10(2). The structure of zinc 
electronic arrangement would indi- blende, 

cate a pure ionic crystal, whereas in 

the latter formula homopolar binding is as important as the coulomb 
forces. In silver iodide the transition to an ionic crystal is practically 
completed since here the Ag"^, 1“ formula will be definitely preferred to 
an assumption involving Ag and Yet the electronic struc- 

ture of the silver iodide crystal can be obtained by a gradual transition 
from the typically homopolar diamond crystal. This shows most clearly 
that the terms ionic crystal and homopolar crystal refer more to quan- 
titative prevalence of certain forces than to a rigid classification. 


8.11 THE METALS Metals are analogous to unsaturated molecules 
and to radicals. The binding of atoms in these compounds as well as 
in the metals is comparable in strength to the binding in saturated mol- 
ecules. The unsaturated character is due to the fact that available elec- 
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trons do not fill any closed shell. In the case of unsaturated molecules 
and radicals this leads to the striking property of high reactivity. In 
metals while such reactivity is present its effects manifest themselves 
only in surface properties. Thus we can explain why metal surfaces 
are, generally speaking, good catalysts, a fact which is discussed later in 
more detail. 

But the unsaturated nature of the electron structure in metals has 


other important consequences. Lack of saturation means that not 
much energy is required to move an electron from an occupied into an 
unoccupied orbit. In fact, as we shall see later, the electronic-energy 
levels of a solid metal form a continuum, and an 



arbitrarily small amount of energy suffices to move 
an electron to a higher orbit. The electric con- 
ductivity of metals is a direct consequence of 
this fact since any small force suffices to move 
the electrons. 

The easy manner in which electron orbits in 
metals can be influenced also has an effect on the 


Fig. 8.11(1). Body- position of the atoms and on the restraining forces 
centered lattice. which tend to keep the atoms in their equilibrium 
positions. We have seen that directed-valence 
forces are due to a definite preference of electrons for certain orbits; 
such preference is to be expected to a lesser extent when a small 
amount of energy is sufficient to throw electrons into new orbits. 
Thus, in metals directed valences will not be expected. Actually, 
metals usually have close-packed structures in which atoms may 
be displaced with relative ease. The metals are therefore highly 
malleable and often have a low melting point (compared to the 
temperature at which they boil). All these facts show that the 
geometrical configuration of atoms is relatively unimportant as long as a 
sufficient number of atoms remain closely together. In fact it seems 
that metals are like van der Waals solids in this respect, their structure 
being stabilized by a general attraction and by a strong repulsion be- 
tween atoms at small distances. 

It is not surprising to find general attraction in an unsaturated com- 
pound where, if more atoms are close together, more electrons can be 
placed into low orbits. The short distance repulsion is diie to the van 
der Waals repulsion between the closed inner shells of the atom. 

The densest structures are based on the cubic and hexagonal close- 
packed arrangements. These are quite common among the metals. A 
further structure frequently encountered is the body-centered lattice 
shown in Figure 8.11(1), in which the atoms are packed only slightly less 
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densely than in the close-packed structure. The formation of alloys is 
also a consequence of the unsaturated character of the metallic binding 
and of the resulting general attraction between metallic atoms of all 
kinds. 

8.12 CONDUCTIVITY BY ELECTRONS, THE TOLMAN EF- 
FECT It was indicated in the previous paragraph that metallic con- 
ductivity is due to the mobility of electrons. In fact it has been assumed 
for a long time that in metals the electric current is carried by electrons. 
The reason for this assumption was that the electric current in metals is 
not accompanied by transport of matter as it is in those cases where 
electricity is transported by ions. It is interesting that the idea of 
electronic conductivity can be demonstrated in a fairly direct manner 
by the Tolman effect which though experimentally rather delicate is 
conceptually very simple. 

It follows from the idea of free electrons in a metal that, if a piece of 
metal is accelerated, the electrons, due to their inertia, lag behind. 
Hence the electrons will be crowded into the end of the metal which 
faces the direction opposed to the acceleration. This greater electron 
density causes electrostatic forces which prevent further electrons from 
flowing into the more densely populated region. A stationary equi- 
librium is reached when the electrostatic force, that is the field E, mul- 
tiplied by the electronic charge e, is equal to the mass of the electron m 
times the acceleration with which the metal as a whole moves. It has 
been indeed found experimentally that, if a metal is accelerated, an 
electric field appears in the expected direction. According to the fore- 
going considerations E X e = m X and E/a = m/e. The quantities 
on the left-hand side can be measured, and their ratio actually agrees 
within the considerable experimental uncertainty with the m/e value 
of the electron. 

Theoretically, the experiment is complicated by the fact that, when 
a metal is accelerated, mechanical stresses are set up within the metal, 
and these stresses may influence the electron density and produce 
effects comparable in magnitude with the Tolman effect. 

8.13 FREE MOTION OF ELECTRONS It is convenient to de- 
scribe the motion of electrons in metals in a way similar to the descrip- 
tion of electrons in molecules by the molecular-orbital method. This 
method assumes that each electron can roam over the whole molecule 
or in our present case over the whole metal, and it is evidently adapted 
to describe electronic conductivity. However, electron orbits in a metal 
differ in several respects from molecular orbits. The most important 
difference is that the discrete set of orbital energies of a molecule is 
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replaced by a continuous distribution of orbital energies in a metal. 
This makes it necessary to discuss electron orbits in a metal in some 
detail. 

We shall first consider the limiting case of an electron which can move 
entirely freely within the metal. Than we shall introduce a weak peri- 
odic potential and investigate its effect on the motion of the electron. 
Finally we shall consider the opposite limiting case of a series of deep 
potential minima at considerable distances from each other, forming a 
lattice. For the sake of simplicity we shall restrict ourselves in most of 
these considerations to a one-dimensional model and to the motion of 
the electron in this one dimension. 

The motion of electrons in the absence of an external field is, of course, 
easily visualized, and the description of this phenomenon by wave 
mechanics which will now be undertaken can be considered as a mere 
change in vocabulary and does not lead to new facts. Such new facts 
will emerge, however, from the wave treatment as soon as perturbing 
potentials are present. The following statements about free electrons 
furnish us with the proper vocabulary for the description of the motion 
of electrons in a potential field. 

The free motion of an electron along a straight line is characterized 
by its velocity. More usually the momentum p is used which is related 
to the wavelength X, connected with the motion of the electron, by the 
de Broglie relation, p = h/\. The electron waves can be written 

2TrX 2Trpx 

yp = sin = sin = sin kx 

X h 

where x is the position at which the wave amplitude is taken and the 
abbreviation, k = 27rp/A has been introduced. Thus the quantity k is 
a measure of p differing from the momentum only by the factor 2Tv/h. 
We call k the wave number; it may be defined as the number of crests 
we meet if we proceed 27r cm. in the direction of the wave motion. 

Instead of the sine wave we may with equal justification use the func- 
tion, xp = cos kx. Neither the sine nor the cosine is used, however, for a 
description of an electron moving in a given direction. For the motions 
in the positive and negative x directions, the exponentials, 

and yp = 

are used, which functions are of course linear combinations of sines and 
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cosines. Multiplication of the functions and e with the usual 
factor describing time dependence gives 

^i(kx—o}t) 


and 


C 


In the first of these formulae the phase of the wave remains unchanged 
if both X and t increase in appropriate proportion, whereas in the second 
formula x must decrease with increasing t if the phase is to remain un- 
altered. This suggests that positive and negative k values correspond 
indeed to wave propagation in oppo- 
site directions and also to the motion 
of the electron in opposite directions.* 

The original functions sinA:a: and 
cos kx are standing waves. They can 
be written as the sum and the differ- 
ence of the progressing waves and 
If the wave function sin kx (or 
cos kx) is given, we have certain knowl- 
edge of the absolute value of k and 
therefore of the absolute value of p the 
momentum. But this wave function 
also conveys the probability statement that the motion has equal 
chances to proceed in either direction. 

To each value of A; a certain kinetic energy belongs, according to the 
formula, 

•E^kin ~ ~ 

2m St m 



Fig. 8.13(1). Kinetic energy values 
E of an electron as a function of the 
wave number k. 


In Figure 8.13(1) we plot the energy values as a function of k which 
characterizes the different wave functions. 

8.14 MOTION OF AN ELECTRON IN A WEAK PERIODIC 
FIELD Let the potential energy be a periodic function of the co- 
ordinate X, For the sake of definiteness we assume that shallow poten- 
tial minima lie at the points x — 3a, ~2a, —a, 0, a, 2a, 3a, • • * 

where the length a is the period of the potential. It. will be simplest to 
assume that potential maxima lie in the middle between each pair of 
neighboring minima. We assume that the kinetic energy of the elec- 

* It must be emphasized that the argument here presented is oversimplified. In 
particular it cannot be used directly for the derivation of the particle velocity from 
the wave theory. But the qualitative conclusion concerning the direction of propa- 
gation is correct. 
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trons is great compared with the fluctuation of the potential energy so 
that the momentum of the electrons will change but little during their 
motion. 

For most momenta and correspondingly for most electronic-Avave- 
lengths, the electronic-wave functions do not differ much from the wave 
functions of free electrons, and the energy belonging to the function 

continues to be in good approximation --a * But we shall show 

that for particular wavelengths of the electron a strong perturbation of 
the wave function and a corresponding change in the electronic energy 
results. 

The original waves describe an electron state in which the prob- 
ability of finding the electron at any place is the same. If we return to 
the waves sin kx or cos fcx, the probability of finding the electrons in 
the minima or maxima of the waves will become great while the prob- 
ability of finding the electrons at the nodes of the waves vanishes. In 
fact, it may be recalled that the probability of finding the electron in a 
region is proportional to the absolute value of the square of the wave 
function, and this expression is greatest on the wave crests and in the 
wave troughs. Now, if an electron wave fits into the periodic potential 
in such a way as to give rise to a great probability density of electrons 
in every potential minimum, a lowering of the energy is to be expected. 
If, conversely, the probability density is great on each potential max- 
imum, the energy is appreciably raised. 

If the wavelength is equal to twice the period of the potential X = 2a 
or k = w/aj then the function cos kx = cos irx/ a, has alternately maxima 
and minima at ••• —2a, —a, 0, a, 2a, ••• in the potential valleys. 
For this function therefore the energy is lower than for either of the 
two originally degenerate functions, or Conversely, sin 

kx = sin TTx/a has a node at the bottom of each potential minimum, 
so that for this function the electrons avoid potential minima, and a 
higher energy value results. It is easily seen that for an arbitrary value 
of k the energies will not be affected if the standing waves sin kx and 
cos kx are used instead of the progressing waves. This is so because 
the maxima in probability density for sin kx (or cos kx) are for a general 
k distributed evenly^ between maxima and minima of the potential. 

For k = dzirfaj the standing waves sin and coskx leading to 
strongly disturbed energy levels are actually the correct wave functions 
representing stationary states of the electrons. That progressing waves 
represent stationary states for general k values but not for fc = ±7r/a 
can be explained in another way. According to the interference condi- 
tion, reflection of a wave by a periodic lattice is possible if the ratio of 



• MOTION OF AN ELECTRON IN A WEAK PERIODIC FIELD 163 


the wave functions of the incident and reflected waves is the same at 
analogous lattice points. Of course the incident and reflected waves 
must be progressive waves having the same kinetic energy and there- 
fore having the same absolute value of k. For a general ky the ratio 
^ikx^^—ikx different values at analogous lattice points. But for 

2-mx 

k — TT /ay the ratio = e ^ changes by a factor = 1 

if X is increased by the amount a. Thus for A = zb7r/a all lattice points 
scatter the wave in phase and re-enforce each other in converting the 
progressing wave into the wave progressing in the opposite 

iirx 

direction. Thus, even if one starts with a progressing wave e « , reflec- 
tions in the lattice will mix in 
the oppositely progressing wave 
and produce a standing wave. 

The same situation which we met 
for k = ihir/a is' generally true for 
k = zkUT/a where n is a positive in- 
teger. For all these values of k the 
interference condition is satisfied for 
the reflection of progressive waves. 

The energy of the electronic mo- 
tion in a periodic field as a function 
of k is shown in Figure 8.14(1). If k — 

k is not close to a value inx/a, the Fiq. 8.14(1). Energy of electronic mo- 
energy is the same as for a free elec- tion in a weak periodic field^of period a. 
tron. In the neighborhood of the 

critical values, however, the energies are markedly disturbed, and at 
the critical value two different energies belong to the same value of k; 
the lower energy corresponds to a standing wave with its nodes at the 
maxima of the potential, the higher energy to a standing wave with its 
nodes in the potential minima. The strong perturbation of the energy 
near the critical values follows for reasons of continuity and can be 
calculated quantitatively with the help of perturbation theory. 

It is interesting to notice that, if an electron moving in a weak peri- 
odic field is subjected to an external electric field, no electric current will 
result in first approximation. We may start with an electron at rest 
so that at the beginning k = 0. The action of an electric field will im- 
part momentum to the electron, and the value of k becomes positive. 
But as soon as k reaches the value 7r/a, the electron is reflected by the 
lattice, k becomes — 7r/a, and the momentum is reversed. The electron 
now moves backward. The field causes an increase of k from —w/a to 
zero. By the time the value /c = 0 is reached and the reverse motion of 
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the electron is stopped, the electron has returned to the place from 
which it started. The process then repeats itself. Thus a periodic 
motion is obtained, and the time average of the current is zero. Yet 
the motion of the electron in the periodic lattice can be used as a model 
for metalhc conductivity. The potential minima represent atoms. 
They are not absolutely fixed but can vibrate, and collisions of the elec- 
trons with vibrating atoms gives rise to an effect resembling friction. 
The electron then may move in an external field at a constant velocity 
at which the friction is just sufficient to balance the action of the ex- 
ternal force. In general, this constant velocity does not correspond to 
a value k = dtimr/a, and a progressive motion of the electron will be 
produced by the presence of an electric field. It may be also noticed 
that, if no external field is present, the frictional terms will decelerate 
the motion of any electron so that we obtain no current in the absence 
of a field. 

8.15 ELECTRON STATES IN STRONG PERIODIC FIELDS 
We now turn to the opposite limiting case, namely, the behavior of an 
electron in a strong periodic field. 

In Figure 8.15(1) we show the periodic potential consisting of deep 
separate minima in which the electron is to move. The levels drawn 
in each of these minima signify the energies of the stationary states 
which the electron would have if the potential had only a single mini- 
mum. The problem of finding the energy levels for this infinite series of 



Fig. 8.15(1). Energy levels of an electron in a periodic potential. The tunnel effect 

is disregarded. 

minima is somewhat analogous to the problem of finding the energy 
levels in a two-minimum problem. The latter question has been treated 
in sections 7.7, 7.8 and 7.9 and it was found that for every energy level 
of a single minimum two closely spaced levels appear in the two-minima 
problem. If the energy difference in any such pair is divided by /i, we 
obtain the frequency with which the electron in the respective pair of 
levels can vibrate between the two minima. 

For the lowest pair of levels where the electron has to cross a high 
potential barrier to get from one minimum to the other, the frequency 
of vibration and with it the separation of the two levels is very small. 
For high energies for which the barrier is smaller, the splitting becomes 
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much greater, and near the top of the barrier it approaches in order of 
magnitude the energy difference between two neighboring levels of the 
one-minimum problem. The energy-level diagram for the two-minimum 
problem is shown in Figure 8.15(2). The full lines indicate energy levels 
in the one-minimum potential; the broken lines those in the two-mini- 
mum potentials. The two levels belonging to the lowest energy of the 
one-minimum potential have been drawn as a single broken line, since 
the difference of these two energies is too small to be made visible in the 
figure. To each pair of levels of the two-minimum problem there belong 
two wave functions obtainable in first approximation by the superposi- 
tion of the corresponding wave functions of the one-minimum problem 



X 


Fig. 8.15(2). Energy-level diagram for two minima. The solid lines show the en- 
ergies obtained when the tunnel effect is neglected. The dotted lines show the levels 
when the tunnel effect is taken into account. 

in the two holes. One two-minimum wave function is obtained by 
adding the two one-minimum functions, the other by subtracting them. 

In the periodic potential which has been shown in Figure 8.15(1), an 
infinity of energy levels belongs to each level. This is to be expected 
since infinitely many single-hole wave functions are available for each 
single-hole energy level, and from these wave functions one may form 
infinitely many linear combinations. The linear combinations to be used 
are similar to those which we have encountered when describing the 
mobile p electrons in benzene by the molecular orbital method. We 
shall number the holes from — co to + ^ , and we denote the number of 
a hole by Z. Let k' be a number greater than — tt but smaller than + tt. 
Let also be the wave function of an electron moving in the Zth hole. 
It can be shown that wave functions for the electronic state in the 
periodic field can be obtained in good approximation by the expression, 

8.15(1) 

1= —CO 

The coefficients are the phases with which the wave functions \l/i 
are superposed, and the whole function can be considered as a wave 
of the states xki passing through the periodic field. Different values of 
A;' correspond to different wavelengths and to different energies. An 



156 


FORCES IN THE SOLID STATE 


exception has to be made for pairs of h' values which differ only in sign. 
These correspond to the same wavelength and to the same energy but 
to opposite directions of propagation. This can be seen from an analogy 
with the electron waves describing motions of electrons in an absence 
of a field (section 8.13). It may be noted that k' in equation 8.15(1) does 
not correspond directly to the k value of the free electrons. The latter 
quantity has the dimension of a reciprocal length while ¥ is a pure 
number. Actually ¥ /a (where a is the distance between minima) cor- 
responds closely to Jfc, since both can be considered as the factor with 
which the co-ordinate of the electron must be multiplied in order to get 
the phase of the wave. For the free electron this is evident since ikx 
appears in the exponent of the wave function. For an electron moving 
in a series of potential holes the co-ordinate x is equal to the number of 

¥ 

the hole I times the distance between holes a so that i~ x becomes equal 

a 

to i¥l which is the phase appearing in equation 8.15(1). Thus ¥/a may 
be called the wave number for the case of strong periodic fields. 

Because of the relation two functions do not differ 

from each other if ¥ is changed by 27r. In fact all that counts is the ratio 
of factors on two consecutive lattice points I and I + 1, and this ratio, 


is not changed if we substitute ¥ + 2t for ¥, This justifies the restric- 
tion — TT < /:' < +7r, since any ¥ outside this range describes exactly 
the same function as an appropriate k inside the range. 

Two particular values of ¥ give rather similar results for the periodic 
potential as has been found for the two-minimum potential. For 
A;' = 0 all phase factors in the sum 8.15(1) are unity; that is, the xj/i func- 
tions are simply added. This recalls those wave functions in the two- 
minimum potential which have been obtained by adding the single- 
minimum wave functions. If on the other hand we set ¥ = t (or in an 
equivalent way ¥ = — -tt), the factors in the sum 8.15(1) are alternately 
+ 1 and — 1, corresponding to those wave functions of the two-minimum 
problem where the two single-minimum wave functions are subtracted. 
The energy difference of the levels belonging to A = 0 and A; = tt is of 
the same order of magnitude as the energy difference between a cor- 
responding pair of levels in the two-minimum potential. The values, 
Aj = 0 and fc = tt, correspond to no phase change and the largest possible 
phase change between neighboring single-hole wave functions. All 
intermediate k values corresponding to intermediate phase changes will 



ELECTRON STATES IN STRONG PERIODIC FIELDS 


157 


give rise to intermediate energies and will fill with a continuous set of 
levels the range between the energy values belonging to = 0 and 
k — T. We obtain thus the energy-level diagram shown in Figure 
8.15(3) for the motion of an electron in the string of potential minima. 
The shaded energy regions in the figure are filled with a continuum of 
energy levels. Each of these strips corresponds to a level of the one- 
minimum problem, and each strip can be interpreted as the result of 
the splitting of a one-minimum level owing to the interaction of the 
infinitely many minima in the row. The lowest of these strips is so nar- 
row that we prefer to represent it by a line. The higher strips increase 
rapidly in breadth just as the separation of the pairs of energy levels has 





Fig. 8.15(3). Energy-level diagram for many minima. The shaded areas correspond 
to energy values that an electron in a stationary state may possess. 

increased in the two-minimum problem. Above the top of the barriers, 
motion of the electron from hole to hole becomes possible without a 
tunnel effect, and in this energy region all energy levels are allowed, with 
the exception of narrow energy strips one of which is shown as an un- 
shaded strip in the figure. 

That an electron cannot, possess all energies greater than the maxima 
of potential barriers separating the holes might seem at first surprising. 
But the effect becomes intelligible by comparison with the energy levels 
of an electron in a weak periodic field. Indeed for increasing kinetic 
energy of the electron the influence of potential minima diminishes, and 
we finally approach the case where the periodic field can be considered 
as weak. Now comparison with Figure 8.14(1) shows that in a weak 
periodic field not all electron energies are allowed. Narrow energy re- 
gions corresponding to k values in the neighborhood of ±:mrja are 
excluded. 

Thus we see that for very strong binding of the electron its energy 
must He in one of several narrow strips while the intervening broad 
strips of energy are forbidden in a like manner, as an electron in a hydro- 
gen atom cannot have an energy intermediate between the stationary 
energy levels. For high-energy electrons the periodic field may be 
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considered weak, and the permitted energy bands become broad while 
the forbidden strips are narrow. For intermediate electron energies the 
breadth of allowed and forbidden strips is of the same order of magnitude. 

We now consider a narrow strip corresponding to a strongly bound 
electron. Within this strip a definite energy belongs to each value of 

k' between — tt and +x. For suffi- 
ciently narrow strips it can be proved 
that this dependence is sinusoidal, as 
shown in Figure 8.15(4). The two 
ends of the curve at k' = —ir and 
A:' = TT correspond to the same wave 
function. Actually the curve should 
be drawn on a cylinder and the two 
ends joined. In the figure the hori- 
zontal line for E — 0 corresponds to the value of the unperturbed 
one-minimum level. We see that half the k' values belong to lower 
and half to the higher energies, although it may happen that the max- 
imum of the energy curve lies at A;' == 0 rather than at fc' = ± 7 r. 

The dependence of the energy on k' for the case of a strong field may 
again be compared with the dependence of the energy on k for a weak 





Fig. 8,15(4). Dependence of energy 
on k' (= wave number X lattice 
distance) in the case of a strongly 
bound electron. 
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Fig. 8.15(5). Energy of electronic motion in a weak periodic field of period a. The 
full curve shows the energies in one Brillouin zone. 


periodic field. For the latter case we may consider an energy band cor- 
responding to k values between mr/a and (n + l) 7 r/a. The same 
energy band appears also for k values between —mr/a and — (n -f l) 7 r/a. 
In Figure 8.15(5) we show that part of Figure 8.14(1) which corresponds 
to these k intervals. The full parts of the curve show the dependence of 
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E onkm the band corresponding to 


— Stt — “27r 27r Stt 

<k < — — and — <k < — • 

a a a a 

The dotted parabola corresponds to the relation between k and a for a 

free electron as shown in Figure 8.13(1). The actual E-k relation 

within the band considered is, save near the ends, practically undis- 

tinguishable from the dotted parabola. 

The two points at k = —21^1 a and k = 27r/a correspond to the same 
standing wave, namely, sin 2Trx/a. The other standing wave of the 
same wavelength, namely, cos 2Trx/a belongs to the 
next lower energy band which is not shown in the 
figure. Thus it is permissible to join the two inde- 
pendent sections in Figure 8.15(5) giving the Figure 
8.15(6). The two free ends of this curve again 
belong to the same wave function, namely, cos 37r/a, 
the other standing wave sin Zt/ a belonging to the 
next higher strip. The figure again should be drawn 
on a cylinder and joined at its ends. 

Figure 8.15(6) is thus quite analogous to Figure 
8.15(4), The analogy can be brought out more 
clearly by comparing the abscissae. Since k'/a 
corresponds to the ranges —Stt < fc' < ~27r and 
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27r < k' < Sr correspond to the ranges <k < 


27r , 27r _ 37r 

— and — < k < — • 
a a a 


As has been shown pre- 


Fig. 8.15(6). Elec- 
tronic energiesin one 
Brillouin zone in a 
weak periodic field. 


viously, a change of ¥ by 27r is merely a change in notation and leaves 
the wave functions unaltered. Thus the ranges for k' may be replaced 
by the ranges and 0 < Jfc' < tt or by the single range 

— TT < < TT, as indicated in Figure 8.15(6). This is the same range 
which appears in Figure 8.15(4). The only difference between the two 
figures is that the curvature in the former is rather smooth, whereas in the 
latter sharp bends occur near A;' = 0 and A;' = dzTr. 


8.16 MOTION OF AN ELECTRON IN A STRONG PERIODIC 
FIELD It may be assumed that the wave function at a certain time 
is confined to one minimum. According to the foregoing discussion, 
this function does not belong to a definite energy and does not describe 
a stationary state. In fact stationary solutions correspond to wavelike 
functions given in the formula 8.15(1). For a wave function 
localized in one minimum a time change of the probability distribution 
of the electron will ensue. In close analogy to the electron libration in 
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the two-minimum problem, the reciprocal time required for the electron 
to spread from one minimum to the neighboring minimum can be esti- 
mated by dividing the breadth of the energy strip in question by Planck^s 
constant. The higher the barriers between potential minima, the nar- 
rower are the energy strips, and the longer it takes for the electron to 
leave a certain minimum. 

It might be expected that an electron after having penetrated a poten- 
tial barrier and having arrived in a neighboring minimum may continue 
to proceed from minimum to minimum in a random way corresponding 
to diffusion. For the wave functions we obtain a more ordered 
motion. These functions correspond in their form to electron waves 
with a definite energy, a definite wavelength, and a definite momentum. 
Thus the waves represented by '^k' describe a definite motion of the 
electron in one direction just as plane waves having a definite k value do. 
The only difference is in the numerical relation between the electron 
wavelength and the electron velocity. The velocity, like all quantities 
involving time, is connected with the frequency v of the electron wave, 
and this frequency is connected with the electron energy by Planck^s 
relation, E = hv. Thus the narrower energy strips occurring for stronger 
binding give rise to slower processes, as has been already indicated by 
the slow spreading of a localized wave function from one potential 
minimum to the neighboring minimum. 

If the foregoing arguments are carried through quantitatively, it is 
found that an electron with an energy near the minimum of one strip 
moves exactly like a free electron, except that it moves as though its 
mass were different from the electron mass. The narrower the strip is, 
the greater the effective mass will be. In fact, if we consider a certain 
wavelength, and (according to the de Broglie relation) a certain effective 
momentum, a greater effective mass must be assumed in order to ex- 
plain the smaller velocities which occur when the energy strip is narrow. 

The motion of the electrons in a strong periodic field can be described 
by the simple device of an effective electron mass only as long as [ Aj' | 
is small compared to tt, that is, as long as the wavelength of '^kf is long 
compared to the lattice distance. In fact, such a description is good 
only as long as the energy curve of Figure 8.15(4) can be approximated 
by the lower part of an energy curve for a free electron such as shown 
in Figure 8.13(1). 

In order to find the laws of the electronic motion for larger values of 
fc, we have to discuss in some more detail how the electron velocity is 
obtained from the wave description of the electron. We will consider 
a wave packet, that is, a group of waves consisting of several crests 
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According to the probability interpretation of the wave function, the 
electron must be found somewhere within the packet, since outside the 
packet the wave function vanishes. Therefore the velocity with which 
the electron moves in the lattice must be equal to the velocity with 
which the group of waves travels along. A group of waves can be ob- 
tained by a superposition of functions with k' values corresponding 
to a certain not too extended range. The superposition must be arranged 
in such a manner that the waves shall cancel each other outside the group 
and re-enforce each other only within the limited extension of the group. 
In passing it may be remarked that such a wave group is the best illus- 
tration for the uncertainty principle. If we want to localize the electron 
with greater accuracy, we must construct a wave group of smaller exten- 
sion, and for this purpose a greater range of values must be used, cor- 
responding to a greater range of momenta. 

It can be shown that for free electrons the group velocity and with it 


the particle velocity is equal to 


For instance, considering Fig- 


ure 8.13(1), we see that with increasing k and correspondingly increasing 
momentum values the slope of the energy curve dE/dk also increases, 
and thus greater velocities will be found for greater momenta. The 
proportionality between momentum and velocity can be shown easily 
by taking into account that the curve in Figure 8.13(1) is a parabola. 
For electrons moving in a strong periodic field the velocity with which 


the electron is propagated in the lattice is given by r — , where a again 

h dk 


is the lattice distance. In this case Figure 8.15(4) shows that the slope 
of the energy curve does not continue to increase with increasing A;' 
values. For k' greater than 7r/2 the slope and with it the velocity begins 
to decrease, and at A;' = tt the slope and the velocity have become equal 
to zero. In this region the electron behaves in a remarkable way in 
that its velocity of propagation decreases while its energy continues to 
increase. Since A;' = tt and fc' = — tt are equivalent, a further increase 
of k' leads to negative A;' values, and here we find that the energy begins 
to decrease while the slope assumes increasing negative values so that 
the electron moves faster and faster in a direction opposite that of the 
original motion. Finally, when k' passes the value — 7r/2, the negative 
slope assumes a maximum value, and a further decrease in energy is 
accompanied by a decrease of the absolute value of the velocity. This 
continues until at /?' = 0 the velocity zero is reached again, and the 
cycle is completed. Thus, for | A;'| smaller than 7r/2, the behavior of 
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the electron is normal since greater velocities correspond to greater 
energies. The behavior for 7r/2 < | /c' | is anomalous. 

Comparing the present results with those obtained for electrons 
moving in a weak field, we find a marked analogy in spite of quantitative 
differences. In the weak field we found that, when k increased from 
zero towards 7r/a, the velocity increased in a normal manner. At x/a 
^ reflection of the electron by the periodic field occurs, giving rise to a 
reversal of the direction of propagation. In the light of our statements 
about the connection between the electron velocity and dE/dk^ we 
can now trace in greater detail how this change of velocity occurs. 
We see in Figure 8.14(1) that in the immediate neighborhood of 
k = tt/ a the slope of the energy curve begins to decrease rapidly 
and reaches zero at ir/a. The same slope is found for fc = —w/ay 
but with increasing k values the slope assumes rapidly increasing 
negative values until within a short distance from k = —tv / a the 
value of the negative slopes correspond closely to an undisturbed 
parabola. In this range, where the slope varies rapidly, the electron is 
decelerated until its velocity is reversed. From there on the electron 
moves as a practically free particle. 

The difference between the behaviors in the strong and weak fields is 
this: For strong fields the anomalous region extends from fc' = — 7 r /2 to 
k' = TV and from k' = —tv to k' = —tv 12, In weak fields the anomalous 
behavior of the electron is confined to a narrow region close to A; = tv/ a 
and k = —tv / a. Another important difference is the great effective 
mass in strong fields which, from our present point of view, can be ex- 
plained by saying that in a narrow energy band the slope of the energy 
curve, and with it the velocity, will increase very slowly with increas- 
ing k\ It should be pointed out that under appropriate circumstances 
the effective mass may be smaller than the mass of a free electron. 
Thus we see from Figure 8.15(6) that near the minimum of the energy 
curve the slope increases rapidly with increasing k! values, a behavior 
opposite to the one with which we associated a high value of the elec- 
tronic mass. 

8.17 MOTION OF ELECTRONS IN A TWO- OR THREE-DI- 
MENSIONAL LATTICE In a metal electrons move in the field of 
a three-dimensional array of ions. Their behavior will in many respects 
be rather similar to that of an electron in a linear lattice. The wave 
functions can be written in the form of plane waves. If the periodic 
field is weak, the waves are actually sine or cosine waves or simple expo- 
nentials. A stronger perturbation of these waves will arise only when 
certain interference conditions are fulfilled. If, for instance, we have a 
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simple cubic lattice with a lattice distance a, strong perturbations will 
arise if the k value corresponding to the x component of the momentum 
is ir/a or —w/a. The same holds if the k value corresponding to the 
y or z component of the momentum is w/a or —ir/a. A graphic repre- 
sentation of these momentum values for which strong perturbations 
occur can be given for a two-dimensional lattice in the following way. 
In Figure 8.17(1) we plot in the horizontal and vertical directions akx 
and akyj respectively. Here a is the lattice distance of a simple square 

27r 


TT 

0 

-TT 

-Ztt 


-27r -TT 0 TT 27r 

(ikjl ^ 

Fig. 8.17(1). Brillouin zones in a two-dimensional simple square lattice. Regions 
designated by the same Roman numeral form single zones. 

lattice, kx and ky are l/h times the x and y components of the momen- 
tum. Strong disturbances will arise in the neighborhood of the lines that 
separate the regions which in the figure are designated by Roman nu- 
merals. The figure has been restricted to the region where both a | i 
and a\ky\ are smaller than 27r. Inclusion of further regions would 
increase the complexity without introducing new ideas. The lines of 
strong perturbation actually occur whenever a change of akx or aky 
or both of these quantities, by some multiple of 2x, leaves the 
kinetic energy unchanged. Thus the two x signs in the figure corre- 
spond to points for which akx has been changed by 27r. For the two 
white-circle points aky differs by 47r, whereas for the two black-circle 
points both kx and ky have been changed by 27r. For each of these pairs, 
the kinetic energy is the same because \ kx\^ \ ky\'^ and, therefore, the 
absolute value of the momentum has remained unchanged. It follows 
from the theory of diffraction in crystals that the lines of Figure 8.17(1) 
represent the wave numbers of those electrons for which interference 
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conditions are satisfied and which therefore can be scattered elastically 
by the crystals. 

In perfect analogy with the one-dimensional case the electrons will 
move along almost freely as long as they are far away from the lines 
shown in Figure 8.17(1). They will be strongly perturbed near the 
lines, and instead of crossing these lines they will be thrown across to 
another point of like energy changing their akx and aky values by 
multiples of 27r, according to the rules of crystal reflection. It may be 
noticed that, according to this rule, an electron which started in region 
I of Figure 8.17(1) cannot leave this region by any continuous motion 
owing to the action of external fields. Let us assume for instance that 
an electron has initially akx and aky values shown by the □ in Fig- 
ure 8.17(1). In the absence of outside fields these values will be pre- 
served, and the electron will continue to be represented by that point 
in the diagram. If an outside field acts, akx and aky change with time 
assuming new values, as shown by the line originating in Figure 8.17(1) 
in the open square. The direction in which the representative point 
moves is indicated by the arrow. When this line reaches the border of 
region I, it is reflected across to negative akx values. Since the same 
external field still acts and continues to cause momentum changes in 
the same direction as originally, the representative point continues to 
move along the direction parallel to its previous path, as indicated by 
the line and arrow on the left-hand side of Figure 8.17(1). Thus the 
point must remain in a region I. Similar arguments show that a point 
starting in one of the regions II will always continue to move in one of 
the regions II for which reason we may consider these four regions as 
being part of a single region. The same holds for the regions designated 
by III and IV in Figure 8.17(1). 

The regions just described are called the Brillouin zones. They cor- 
respond in the one-dimensional case to the segments: 

— TT < a/: < TT 

“-27r < ak < — TT and x < afc < 27 r 

— 3x < ak < — 2x and 2w < ak < 3x 

In the absence of any perturbing field the kinetic energy is propor- 
tional to kx^ + ky^y and therefore we can picture an energy surface in 
the form of a paraboloid erected on Figure 8.17(1). In a weak periodic 
field this surface will be strongly perturbed near the boundaries of the 
Brillouin zones. Actually discontinuities will appear on the surface at 
the boundaries between the zones, so that it is impossible to get from 
one zone to another without an abrupt change in either kx or ky or the 
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energy. This emphasizes again that we can get from one zone to 
another only by a process analogous to a quantum jump. It is impor- 
tant to notice that in crossing from region I to an adjacent point of re- 
gion II the energy increases abruptly. In spite of this, all energies of 
region I are not necessarily lower than any energy of region II. Thus 
the corners of zone I in which a [ | and a | | have values close to tt 

correspond to higher momenta than the portions of zone II in which 
a I I is close to ir and a\ky\i8 close to zero or in which a\ky\ is close to tt 
and a I A^x 1 is close to zero. As long as the periodic field is weak, this por- 
tion of zone II has a lower energy than the portion of zone I described 
previously. 

For strong periodic fields the simple sine, cosine, and exponential 
waves no longer describe the states of the electrons. We must use 
instead superpositions of wave functions describing the motions of elec- 
trons near separate minima, that is, near separate ions of the lattice. 
The coefficients appearing in the composite wave function are similar 
to those appearing in for the one-dimensional case with the excep- 
tion that two constants k'x and k^y are needed to specify their state. 
These numbers correspond to akx and aky of the case of weakly bound 
electrons. The physical significance of k'x and k'y remains unchanged if 
a multiple of 27r is added to either of the two quantities. It can be 
shown that, if we retain the wave function in the single lattice cells but 
change k'x and k'yj wave functions are obtained which correspond to a 
single Brillouin zone. To obtain wave functions corresponding to a new 
Brillouin zone a new wave function must be used for the motion of an 
electron in the single minimum, and composite wave functions must be 
constructed by superposition. If we establish an appropriate corre- 
spondence between the wave functions near the single ions in a strong 
field and the Brillouin zones in a weak field, we can say that Figure 
8.17(1) applies to strong periodic fields as well as to weak ones. At the 
same time we must replace akx and aky by k'x and k'y. All the qualita- 
tive statements about the Brillouin zones will then remain valid. For 
strong fields the energies within one Brillouin zone will differ but little, 
as is the case in the narrow energy strips in the one-dimensional lattice. 
In fact, the energy in each zone is nearly the same as the corresponding 
energy level in an isolated minimum. In the strong field we again find 
great effective electron masses. The reflections near the borders of the 
zones are replaced by an anomalous dependence of the velocity on the 
energy over a more extended region within the zone. In these respects 
the behavior of an electron in the two-dimensional case does not differ 
essentially from its motion in a linear string of potential minima. 

The three-dimensional case does not differ from the two-dimensional 
one in any important respect. The Brillouin zones must be represented 
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in three-dimensional space, and therefore their geometrical arrange- 
ment is somewhat more involved. This arrangement depends, of 
course, on the structure of the lattice. The simplest arrangement cor- 
responding to a simple cubic lattice rarely finds actual application for a 
crystal. But the important conclusions about the separation of the 
energy into zones, the correspondence between crystal reflections and 
the boundaries of the zones, the confinement of a continuous electronic 
motion into a single zone, and the reflections and anomalous behavior of 
the electrons near the boundaries hold, however complicated the geo- 
metrical arrangements of the zones may be. 

8.18 METALS AND INSULATORS There are few physical prop- 
erties which resemble electric conductivity in changing so greatly for 
such apparently insignificant reasons. The slight change in lattice 
arrangement from diamond to graphite causes an increase in conduc- 
tivity which is much greater than a factor 10^^. In fact, whatever con- 
ductivity exists in diamond is probably due to impurities or lattice 
imperfections, whereas graphite on the other hand is a good conductor. 

The difference between conductors and insulators is due to the manner 
in which the Brillouin zones are filled up. For our present purpose we 
may represent the wave functions for both insulators and metals by 
electrons moving independently of each other in a self-consistent field. 
This means that each electron moves in the field of the nuclei and in 
the average field of the remaining electrons. Effects due to phase rela- 
tions between electrons are neglected. This approximation is the same 
as that used in the molecular-orbital method, and it is one of the several 
methods which by making somewhat drastic approximations achieve 
rather far-reaching results. 

The average field caused by the electrons has the same periodicity as 
the field of the nuclei. Since each electronic wave function is spread 
out over the whole crystal, a single missing electron causes an insensible 
change in the average field at any one point, and so each electron 
moves essentially in the same field, namely, in the periodic field of the 
lattice. 

Having thus specified the nature of the orbits in which electrons move 
Avithin a real crystal, we can now make the distinction between insula- 
tors and conductors. A crystal is an insulator if all electronic levels in a 
certain number of Brillouin zones are filled with pairs of electrons having 
opposite spins, so that according to the Pauli principle there is no room 
for further electrons in these zones; at the same time all other Brillouin 
zones are completely empty. A crystal is a conductor if one or more 
Brillouin zones are partly filled with electrons. 
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The distinction just described shows that insulators are analogous to 
rare-gas atoms and also to saturated molecules, whereas metals are 
similar to atoms with incomplete shells and also to unsaturated mole- 
cules. In this analogy the concept of closed shells corresponds to the 
concept of filled Brillouin zones, but, whereas the energy levels in an 
atomic or molecular shell are spaced at finite distances from each other, 
the energy levels within a Brillouin zone form a continuum. Thus in a 
metal the smallest forces suflSce to transfer electrons into new orbits. 
This explains qualitatively not only the phenomenon of conductivity 
but also many other characteristic properties of metals. We have al- 
ready mentioned that displacement of atoms within some metals is 
accomplished more easily than in insulators. In these metals the elec- 
trons can accommodate themselves to the new atomic position by 
changing their orbits in an appropriate manner. This is, in particular, 
to be expected when a Brillouin zone is about halfway filled so that 
there are many electrons which can easily change their orbits. 

8.19 ELECTRON CONDUCTIVITY OF HEAT At the absolute 
zero, electrons of a metal, apart from filling some Brillouin zones com- 
pletely, occupy the lower energy levels of one or more zones. All elec- 
tron orbits up to a certain energy Eo will be full; all levels higher than 
Eq will be empty. The electrons occupying all states of a continuum 
up to a certain level are said to form a Fermi sea with the surface of 
the sea at Eq, If the temperature is raised, some electrons are lifted 
from levels below Eq to levels above. But only the neighborhood of the 
surface of the sea is thus affected. The energy changes due to tempera- 
ture excitation are small compared to the thickness of a relevant Bril- 
louin zone of a metal. This thickness is usually of the order of an elec- 
tron volt. 

The excitation of electrons contributes to the specific heat but little 
since only the few electrons near the surface of the sea are affected. 
This contribution to the specific heat can be detected in some metals 
at very low temperatures where the specific heat due to vibrations is 
very small and at high temperatures where the vibrational specific heat 
is essentially constant. 

The excited surface electrons contribute to a much greater extent to 
the thermal conductivity. In spite of their small number and the fact 
that they transport effectively only the relatively small additional 
energy imparted to them by temperature excitation, their effect is still 
important owing to the great velocity and to the long mean free path of 
the electrons. From a classical picture of the electronic motion we 
would expect the mean free path to be approximately equal to the lat- 
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tice distance. But the discussion of electronic motion in a periodic field 
has shown that the propagation is essentially the same as for free elec- 
trons. This means explicitly that in a strictly periodic field electrons 
would have an infinite mean free path. The reason for the deflection of 
electrons in a crystal from a straight-line motion is the deviation of the 
field from complete periodicity caused by thermal motion of the atoms, 
by crystal imperfections or by collisions between electrons. At higher 
temperatures the thermal motion is of course most important, whereas 
below the Debye temperature the other two effects predominate. It 
should be noticed that collisions between electrons depend on phase 
relations of their motion which are not included in the original self- 
consistent field approximation. 

Actually the relatively few electrons near the surface of the Fermi 
sea transport more heat in metals than the crystal vibrations which in 
insulators are alone responsible for thermal conductivity. Excitation 
of electrons by temperature is completely negligible in a good insulator, 
since in such substances the energy of the electron must be raised by 
several volts to lift it from the top of the highest full Brillouin zone to 
the bottom of the lowest empty one. 

8.20 ELECTRIC CONDUCTIVITY IN METALS Although from 
the foregoing it is clear why metals have a high electric conductivity, 
the details of this conductivity phenomenon are still to be explained. 
It is of interest to notice that the picture presented leads to an under- 
standing of a number of finer effects, of which we shall discuss the de- 
crease of electric conductivity in metals with increasing temperature 
and the Hall effect. For the purpose of this explanation we have to 
describe the mechanism of metallic conductivity. 

We shall confine our attention to one incompletely filled Brillouin 
zone, since, as we have seen, such incompletely filled zones are charac- 
teristic for metals. The effect of the electric field is to increase the 
momentum of all electrons in the zone. In the interior of the Fermi sea 
this produces no change, since electrons move from one momentum 
state to another one which has been just vacated by an electron. 
Changes occur, however, at the surface of the sea where electrons accu- 
mulate in states with velocity components along the field, while they 
are depleted in the states with velocity components opposing the field. 
This new distribution possessing an excess of electrons with velocities 
along the field gives rise to an electric current in the direction of the 
field. This current would increase to extremely high values but for 
scattering of the electrons by crystal irregularities which tend to bring 
the electrons back into their original distribution. Above the Debye 
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temperature the main reason for these irregularities is thermal vibra- 
tions, and we can show that the increase in the number of collisions is 
roughly proportional to the square of the vibrational amplitudes. This 
quantity in turn is directly proportional to the heat content of the lat- 
tice and increases linearly with temperature. Since the number of col- 
lisions which limit the size of the current is proportional to the tempera- 
ture, it is to be expected that the conductivity varies as l/T, and this 
indeed is found to be true in rough approximation for most metals above 
the Debye temperature. 

At lower temperatures the crystal vibrations die off rapidly, and in 
this region the conductivity increases with decreasing temperature more 
strongly than l/T. But the temperature variation in this region may 
be affected by crystal irregularities due to other causes than heat motion. 

In some substances, many of which are not particularly good con- 
ductors, a sharp change occurs at a very low temperature of a few de- 
grees above absolute zero. At this point the substances in question lose 
their electrical resistance completely, that is, become superconducting. 
No satisfactory explanation of this phenomenon exists at the present 
time. It may be due to a more involved interaction of the electrons 
with the lattice vibration. 

A phenomenon which has contributed much to the understanding of 
electrical conductivity is the Hall effect. Let us apply a magnetic field 
to a metal through which an electric current is flowing. The magnetic 
field shall be perpendicular to the current. Then a gradient of electric 
potential arises in a direction perpendicular both to the electric current 
and to the applied magnetic field. The effect can be explained easily by 
the deflection of the moving electrons in the magnetic field. The sign 
of the gradient is determined by the sign of the electronic charge, and 
the correct sign is found in some substances which are said to show the 
normal Hall effect. But in many substances the Hall effect is anoma- 
lous; that is, it has a sign opposite to the expected one. 

This anomalous effect may be explained by the presence of a Brillouin 
zone which is nearly completely filled up. It has been pointed out in 
previous sections that electrons near the border of the Brillouin zones 
move in a way opposite to the one expected. Actually electrons missing 
from the highest energy region in an otherwise full Brillouin zone be- 
have in many ways like electrons of the opposite charge. The existence 
of positive electrons can indeed be formally explained by the absence of 
electrons in a Fermi sea of negative energies, not unlike an electron sea 
filling up a Brillouin zone. These negative energies must be introduced 
in a relativistic description of the electron motion. Dirac has assumed 
that the negative-energy states are usually filled up with electrons 
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which, for an unexplained reason, we fail to observe. Only the holes in 
this distribution are observable. They are the positrons. 

The absence of electric conductivity of insulators is not due, in the 
present picture, to the absence of ^Tree electrons. On the contrary, 
the Brillouin zones of an insulator are completely filled with such free 
electrons. But the anomalous behavior of the electrons near the top of 
h, Brillouin zone gives rise to currents which are just sufficient to cancel 
the currents due to electrons with a normal behavior. That the can- 
cellation must be exact can be seen from the fact that a not too strong 
field can cause only continuous motion of electrons, that is, motions 
within the same Brillouin zone. Since the zone has been filled up com- 
pletely to begin with, the field can produce no change. Any level 
vacated by an electron will be filled at the same time by another elec- 
tron, and the net result is a mere redistribution of identical electrons 
among the available levels. 

The Hall effect helps to establish the presence of electrons which 
behave in an anomalous manner. The existence of insulators may be 
said to depend on the presence of such anomalous electrons. Thus the 
Hall effect helps us to understand why insulators differ from metals. 

We may use the Hall effect for another more practical purpose. A 
certain current in a conductor may be due to a few electrons moving at 
high speeds, or to many electrons moving with slow speeds. The de- 
flecting magnetic force is proportional to the electron velocities. By 
observing the Hall effect we measure this deflecting force. Thus we 
obtain insight into the average velocity of the electrons, and we can 
also calculate how many electrons participate in carrying the current. 

This number of ‘^conduction electrons” is, in the alkali metals, approx- 
imately equal to the number of atoms in the lattice. In other metals 
we find that the number of conduction electrons per atom is not equal 
to one. In some very poor conductors, which are called semiconductors, 
the number of conduction electrons is quite small and strongly tempera- 
ture-dependent. In semiconductors electric currents are carried by a 
few electrons which, for a given current, have a rather high drift velocity 
in the direction of the applied field. In such substances a magnetic field 
will strongly influence the motion of the electrons, and we obtain a 
strong Hall effect. 

8.21 SEMICONDUCTORS, PHOTOELECTRIC CONDUCTIV- 
ITY, AND ELECTRIC BREAKDOWN For the poor conductors or 
semiconductors which we have just mentioned the rule that conduc- 
tivity decreases with increasing temperature is not valid. A rapid in- 
crease of conductivity is observed instead, which can be described most 
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easily by an exponential function of the form e We might be tempted 
to assume ionic conductivity for these substances and interpret the 
exponential temperature dependence by an activation energy which the 
ions in their motion must overcome. But no transport of matter has 
been observed for these substances. The definition of a true semi- 
conductor is restricted to those examples for which the conductivity 
can be proved to be electronic. 

The behavior of semiconductors can be explained by assuming that 
at absolute zero there are no partially filled Brillouin zones but that 
with a relatively small energy change we may lift an electron into an 
empty zone. It is not necessary that such an electron should originate 
from the top of a regular filled zone. Rather, it may be due to a more 
easily ionizable impurity in the crystal. With rising temperature an 
exponentially increasing number of electrons will appear at the bottom 
of the lowest empty zone, and these electrons give rise to the exponen- 
tially increasing conductivity. The temperature dependence is roughly 

proportional to e where is the smallest energy which suffices to 
throw an electron into an empty zone. 

The explanation of semiconductivity suggests that, if electrons could 
be placed in the free Brillouin zone of an insulator, conductivity would 
result. In a good insulator the quantity AE' is too great to permit tem- 
perature excitation of electrons into an empty Brillouin zone, but 
absorption of light, mostly of ultraviolet light, causes a jump of elec- 
trons into such an empty zone. Indeed photoconductivity has been 
observed in many salts. The electrons liberated by light are usually 
trapped soon after their production. Impurities or crystal imperfec- 
tions are quite effective in trapping such electrons; yet light of appro- 
priate frequencies produces electrons in sufficient numbers to give rise 
to a conductivity which lasts as long as the crystal is illuminated and 
the transfer of electrons into the free zone is kept up. It is interesting 
to notice that heating or infrared illumination may cause conductivity 
if the crystal was previously illuminated by ultraviolet light of appro- 
priate frequency. The smaller energies supplied by the temperature or 
by the infrared light, though not sufficient to lift a normal crystal elec- 
tron into a free zone, may tear away an electron from the foreign atom 
that had captured it; thus the electron returns into the empty zone 
where it can move freely until it is recaptured. 

The mobility of electrons in free zones may help to explain the rather 
complex phenomena encountered in the photographic process. Thus if 
an electron is thrown by light into a free zone, it will not fall back as a 
general rule into its original position but is trapped in some new posi- 
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tion. Such trapped electrons may serve as nuclei around which reac- 
tions (for example, formation of metal crystallites) may start. This 
opens a possibility of understanding the nature of the latent photo- 
gmphic image. 

The mobility of electrons in free zones also plays an important part 
in theories of electric breakdowns in insulators. The breakdown is 
thought to be due to the acceleration of an electron which happens to 
have gotten into the free zone. When this electron has gathered enough 
kinetic energy, it may collide with a second electron and lift it into the 
free zone. The same process is now repeated for the two electrons. 
Successive excitations give rise to an electron avalanche which finally 
turns enough electric energy into heat to cause local melting and to dis- 
rupt the crystal. 

If a small electric field is present, electrons in the free zone will be 
prevented by collisions with lattice vibrations from accumulating enough 
energy, and no further electrons are lifted into the free zone. In fact, 
the electrons already present in this zone will soon be trapped and will 
lose their mobility. But, if the field applied to the crystal exceeds a 
certain value, free electrons can be accelerated until they have enough 
energy to excite further electrons so that an electron avalanche is pro- 
duced. This explanation of the electric breakdown also shows why the 
field at whic^h the breakdown occurs is so strongly dependent on impuri- 
ties and crystal irregularities which contribute to loss of momentum and 
energy of the electron in the free zone. 

8.22 CHEMICAL BINDING IN METALS AND INSULATORS 
Metals occupy a definite region in the periodic system. The simplest 
representatives of metals are the alkalies wliich have in addition to closed 
shells just one loosely bound electron. In general, a relatively small 
ionization energy of the atoms seems to be favorable for metallic char- 
acter of a solid. This explains why metals are grouped in the first col- 
umns of the periodic table in which the outermost electrons move under 
the influence of a comparatively low effective charge, while in the later 
columns of the periodic system there are a greater number of electrons 
in the outermost shell, and any one of these electrons moves in a more 
imperfectly shielded nuclear field and is therefore exposed to a higher 
effective charge. The requirement of low ionization energy can also be 
met by proceeding toward higher rows of the periodic table where the 
outermost electrons occupy orbits of higher quantum numbers and are 
farther removed from the nucleus. Indeed in the later columns of the 
system we find that the lighter elements are insulators while the heavier 
ones are metals. 
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In order to find the connection between the rules just stated and the 
requirement that imperfectly filled Brillouin zones should be present in 
metals, we shall investigate the electronic structure of solids of the sim- 
plest elements. We turn first to hydrogen. Ignoring the fact that 
hydrogen forms a molecular lattice, we shall place hydrogen nuclei in 
such a way as to form a simple lattice of the same kind as found for the 
alkali metals. This is a body-centered cubic lattice, that is, a simple 
cubic lattice with an additional atom at the center of every cube. 

In order to investigate the motion of an electron in this lattice, we 
shall apply the rules derived for the motion in a strong periodic field. 
The electron-states must be obtained by linear superpositions of elec- 
tronic motions around individual hydrogen atoms which are Bohr orbits 
perturbed to some extent by the influence of neighboring lattice points. 
If the number of atoms in the lattice is N, then there are N Bohr orbits 
available out of which we can form N independent linear combinations 
corresponding to waves propagated throughout the crystal. This is so 
because by forming linear combinations we cannot increase or diminish 
the number of states available. It was stated earlier (section 8.17) that 
one Brillouin zone corresponds to each electronic state of a cell. The 
Brillouin zone corresponding to the lowest hydrogen orbit consists 
therefore of N orbits and, according to the two possible values of the 
electron spin, requires 2N electrons to be filled up completely. But in a 
lattice of N hydrogen atoms only N electrons are available; this number 
is insufficient to fill the first zone, and a metal is ol?tained. 

Let us now consider an arrangement of hydrogen nuclei in which pairs 
of nuclei are closer to each other than to any third nucleus. The ele- 
mentary cells of the lattice now consist of two atoms, and, if N atoms are 
present, the number of cells is iV/2. We consider again the lowest elec- 
tronic orbit in a cell which in the present case is a bonding molecular 
orbit of H 2 . The Brillouin zone corresponding to this state contains 
N/2 different orbits and can be filled up completely by the N available 
electrons. Therefore an insulator is obtained. 

The state of the insulator just described does not differ from the state 
which we would obtain by filling each molecular orbit by the two hydro- 
gen electrons. This as well as the formerly described procedure fills all 
the lowest bonding orbits, and it does not make any difference whether 
we first make up linear combinations of these orbits and fill all of them 
or whether we fill up all of the original orbits. It is significant to form 
linear combinations spread out over the crystal only as long as not all 
of the available orbits are occupied. 

A similar situation was discussed in connection with the molecular- 
orbital method. There too it did not make any difference whether all 



174 


FORCES IN THE SOLID STATE 


molecular orbits, bonding and antibonding, obtained by linear combina- 
tion of a state of one atom with a state of the other, are filled up by as 
many electrons as they can hold, or whether one filled up completely 
the atomic states from which the molecular orbits are constructed. In 
a Brillouin zone states of lower energy are analogous to bonding states, 
and states of high energy to antibonding states. The filling of the whole 
Brillouin zone gives rise to the cancellations of bonding and antibonding 
effects and to the distribution of electron pairs on the single cells. In 
the hydrogen lattice the result is that all forces between the molecules 
cancel out with the exception of van der Waals attraction and repulsion. 

If the atoms are close together, the actual wavelength connected with 
a given ¥ value (sections 8.15, 8.17) is short. The electrons then have 
high momenta, high kinetic energies and also changes in electron states 
require high energy changes. Then it will be more difficult to effect dis- 
placements of atoms in the lattice since adjustment of the electronic 
orbits is impeded. In view of this, it will not be surprising to find that 
the displacements of the hydrogen atoms from the simple cubic lattice 
to a molecular lattice is not as easy at high hydrogen densities as it is 
at the ordinary low densities of hydrogen. Because of the great com- 
pressibility of hydrogen, high hydrogen densities can be produced rela- 
tively easily, and calculations actually show that at a pressure of a few 
hundred thousand atmospheres the hydrogen atoms should form a 
cubic close-packed lattice, and hydrogen should have metallic conduc- 
tivity. It is not impossible that this metallic state of hydrogen exists at 
some distance below the surface of the great planets which are known 
to have a hydrogen envelope. 

The structure of helium may be described from the point of view of 
the Brillouin zones in the same way as the structure of the molecular 
hydrogen crystal. If the crystal consists of N helium atoms, the Bril- 
louin zone corresponding to the Is state of helium contains N orbits 
which can be filled completely by the 2N available electrons. An insu- 
lator and more particularly a van der Waals crystal results. 

In lithium the filling of the first Brillouin zone corresponds to the 
filling of the K shell. The valence electrons are sufficient to fill half the 
next Brillouin zone, and a metal is obtained. The same explanation of 
one valence electron per atom filling half a Brillouin zone certainly holds 
for the remaining alkali metals which have body-centered cubic struc- 
tures. 

From the arguments given so far, we would expect solid beryllium 
like solid helium to be an insulator. Actually the two beryllium electrons 
in the second shell are just sufficient to fill completely the second Bril- 
louin zone. But we find here that a possibility mentioned in section 8.17 
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is realized; namely, there are some regions of a Brillouin zone which have 
a higher energy than certain regions of the next zone. A lower energy 
is obtained if one leaves a portion of the lower zone empty and moves 
some electrons into the lowest portions of the next zone. Thus we ob- 
tain two incomplete zones, and metallic conductivity results. 

The example of beryllium shows that, even if the crystal structure is 
given and the number of electrons per cell is known, we may not be able 
to predict whether the substance is a conductor or an insulator. If the 
crystal field must be regarded as a strong periodic field, the Brillouin 
zones will form narrow nonoverlapping energy bands, and, if the right 
number of electrons are present, an insulator will be formed. If, on the 
other hand, the periodic field is weak, and the atoms are close enough 
together so that the kinetic energy associated with the spreading of elec- 
tron waves through the crystal is more important than the binding to 
individual centers, then the Brillouin zones overlap, and metallic con- 
ductivity must be expected. In this, we see a confirmation of the rule 
that low ionization energies are favorable for metallic conductivity. In- 
deed, if the ionization energy is low, the electrons will be bound more 
weakly to the individual atoms, and a relatively weak periodic field may 
be expected. 

If the number of electrons per cell is odd, the total number of electrons 
is an odd multiple of the total number of cells, while the total number of 
places available in a given set of Brillouin zones is an even multiple of the 
number of cells. Therefore atoms with an odd number of electrons may 
form insulators only when an even number of atoms (and therefore an 
even number of electrons) is placed in each cell of the crystal. One way 
of realizing this is to form the lattice from diatomic molecules. Thus, 
formation of homopolar bonds may lead to the electronic structure of 
an insulator where otherwise metallic conductivity would have to be 
expected. Such bond formation is favored if the outermost shell is in- 
complete, and if the ionization energy is great. The unoccupied places 
in the shell have energies similar to the occupied ones. This energy is 
low if the ionization energy is great, and thus much energy is to be gained 
by the sharing of electrons between neighboring atoms. 

Generally speaking, if the ionization energy is great and the attrac- 
tion centers are strong, it is favorable for the atoms to occupy positions 
for which localized electron orbits of low energy can be formed. These 
orbits may belong to diatomic molecules as in the halogens, to two 
neighboring members of a string of atoms as in sulfur, or to two neigh- 
bors in more complicated structures as in diamond. These orbits are 
then filled up with pairs of electrons, and an insulator is obtained whose 
structure can be represented by the molecular-orbital method and there' 
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fore by definite valence-bond pictures. If, however, the ionization energy 
is small, any molecular orbits that may be found will have a weak bind- 
ing energy. In this case localization of electrons in molecular orbits 
does not lower the energy so greatly as does the spreading out of elec- 
tron wave-functions over the crystal which latter wave functions give 
an uncertain position of the electron but at the same time lead to low 
momentum and low kinetic-energy values. 

We have two simple methods of predicting metallic conductivity, a 
more empirical method connecting conductivity with low ionization 
energies and a theoretical rule requiring incomplete Brillouin zones for 
the presence of conductivity. But it is necessary to consider the pos- 
sible electron orbits and with it the chemical properties of a substance 
in detail before we can say whether the actual crystal structures found 
will permit the filling of Brillouin zones. On the other hand, the cri- 
terion of low ionization energies is at best a qualitative guide and be- 
comes less valuable when applied to crystals consisting of atoms with 
widely varying properties. 

8.23 RESONANCE IN METALLIC CONDUCTORS One way of 
representing chemical binding in a typical metal such as an alkali 
metal is to assume homopolar bonds between pairs of neighbors. The 
pairs may be arranged in an arbitrary manner except that all atoms 
must participate in one bond linking them to one of their immediate 
neighbors. Since in an alkali metal each atom has eight equivalent 
neighbors * there will be an indefinitely great number of possible arrange- 
ments of bonds. The actual state of the metal corresponds to a res- 
onance among all these various valence pictures. Though for the 
formation of a homopolar bond between two metal atoms it would be 
more advantageous for two metal atoms to be closer to each other than 
to their other neighbors, an arrangement of a great number (8) of 
neighbors at equal distances is stabilized by the greater number of 
resonating states made possible by this configuration. 

Although this picture of the metallic bond is helpful in correlating 
metals and unsaturated molecules having resonance structures, it does 
not yield a ready explanation of metallic conductivity. It is true that 
change from one resonating structure to another involves electronic 
motion. But any arrangement of a finite number of bonds gives rise 

* It seems perhaps a little surprising that the alkalies, as the simplest metals, do 
not have a close-packed structure with 12 neighbors. In the actual body-centered 
structure there aiv in addition to the 8 nearest neighbors, 6 second nearest neighbors 
which arc only 2/V3 times farther than the nearest ones. Thus each alkali atom 
is surrounded by 14 fairly close atoms. In the resonance picture bonds with the 
second nearest neighbors must probably be taken into account. 
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to such electronic displacements the vector sum of which is zero, and 
such displacements cannot give rise to a net current. It would then 
become necessary to explain conductivity by the additional hypothesis 
that among the resonating states there are some with an electron pair 
on a single atom and some in which no valence electron or bond belongs 
to a given atom. This means an introduction of ionized states, a pro- 
cedure which we also have to adopt when trying to describe the results 
of the molecular orbital method in terms of resonating atomic orbits 
and valence orbits. 

As a second example for resonance in conductors we will consider the 
electronic structure of one layer in a graphite crystal. Figure 7.25(1) 
shows several resonating structures in a 
part of the crystal plane. As we shall see 
in the following paragraphs, the structure 
of the Brillouin zones does not require but 
also does not exclude the possibility of a 
partially filled zone. Actually the conduc- 
tivity of graphite shows that a partially 
filled Brillouin zone is present. But the 
example also shows that resonance docs not 
necessarily lead to incomplete Brillouin 
zones. Although the resonance is confined 
to a crystal plane, the motion of the con- 
ducting electrons need by no means be 
parallel to this plane. Thus conductivity 
is different from zero in a direction per- 
pendicular to the plane, but the resistance may and does depend on 
the direction of the current. 

We shall now investigate the conductiviiiy of graphite from the point 
of view of the Brillouin zones. We shall consider here only the double- 
bond electrons, that is, those electrons, the wave functions of which 
possess a node in the graphite plane, and we shall restrict our discussion 
to the motion of the electrons in the plane. Then the Brillouin zones can 
be represented in a two-dimensional diagram. (Although such a two- 
dimensional picture gives qualitatively correct results, the third dimen- 
sion must be included in any quantitative discussion.) Figure 8.23(1) 
shows the first three of these zones. The peculiar geometry of a graphite 
layer leads to the result that the available double-bond electrons can 
just fill the first Brillouin zone. If the motion of these electrons along 
the layer proceeds hke the motion of free electrons insofar as their 
kinetic energy depends only on the square of their momentum, then the 
electrons of equal kinetic energy lie on concentric circles in the Brillouin 



Fig. 8.23(1). Brillouin zones 
for a graphite plane. 
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picture. All states up to a certain circle will be filled; the dotted circle 
in 8.23(1) encloses the region occupied by the states of conducting elec- 
trons. The overlapping of the energy bands of two neighboring Bril- 
louin zones causes the presence of unfilled zones and makes the substance 
a conductor. 

There is no reason why other conjugated systems should not give 
metallic conductivity. Thus it should not be impossible to make plastics 
which would be good conductors. 

8.24 ALLOYS When we describe the electron structure of metals by 
electronic states belonging to the periodic field as a whole and when we 
fill up these states successively with independently moving electrons, we 
relinquish the idea of ascribing definite chem- 
ical formulae or bond structures to the metals. 
Thus we deviate from the descriptions used in 
classical chemistry. That such a departure is 
necessary is shown by the behavior of alloys 
which elude a classification in the usual chemical 
categories. 

The first remarkable fact about the alloys is 
the great readiness with which two or more 
different metals can form homogeneous struc- 
tures. Among these structures regular arrange- 
ments or so-called superstructures are frequently found to be stable at 
low temperatures. The high-temperature arrangement is a more or less 
random distribution of atoms. Thus a 1:3 mixture of gold and copper 
gives at low temperatures after annealing the regular arrangement 
shown in Figure 8.24(1) where the gold atoms form a simple cubic 
structure with the copper atoms occupying the centers of the faces. 
At high temperatures the atoms occupy the lattice points of the close- 
packed cubic arrangement according to a random distribution. 

On the one hand, the miscibility of metals would classify them with 
mixtures; on the other hand, the strong forces which hold together the 
atoms of different kinds seem to indicate chemical forces. Yet the 
rather indiscriminate nature of the forces acting almost equally between 
like and unlike atoms prevents the formation of very well-defined com- 
pounds. Metals have been described as electron compounds in which 
almost any kind of atom can be incorporated as long as one of its elec- 
trons can be lost with sufficient ease and pooled with the remainder of 
the metallic electrons. The only additional requirement is that the size 
of the remaining positive ion should not cause too great a distortion in 
the lattice. If the fit is poor, the miscibility is limited, and, after the 



Fig. 8.24(1). Ordered 
1 :3 gold-copper alloy. 
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fraction of foreign atoms has exceeded a certain limit, a new geometrical 
arrangement of the atoms is formed. 

The idea of an electron compound is supported by a most peculiar 
rule of Hume-Rothery. According to this rule certain crystal struc- 
tures are favored if the ratio of lattice points to valency electrons in an 
alloy is close to certain numbers. Three such characteristic ratios are, 
2 :3, 13 :21, and 4:7. According to a qualitative explanation of H. Jones, 
the crystal structures adopted for each of these ratios is such as to permit 
the surface of the Fermi sea to make contact with the surface of a Bril- 
louin zone. We have seen that in weak periodic fields the only strongly 
perturbed electron motions are those represented by regions close to the 
boundaries of Brillouin zones. The perturbation is such as to lower the 
topmost energy region of a Brillouin zone and raise the lowest energy 
region of the following zone. [For the analogous behavior in the one- 
dimensional case see Figure 8.14(1).] The depression of the energy 
along the border where a Brillouin zone is in contact with a higher zone 
leads to the consequence that filling in of such border regions by elec- 
trons is energetically favorable, and this in turn explains why those 
crystal structures are stabilized which permit the Fermi sea to reach up 
in some places to the border of the Brillouin zone. 

8.25 INTERSTITIAL STRUCTURES While in alloys atoms of 
different kinds replace each other, interstitial structures are formed 
when foreign ions which are small enough enter into the interstices of 
the normal lattice. In this way boron, carbon, or nitrogen may 
enter into various metals. In fact, the carbon in different forms 
of iron often is present in the interstices. The mechanical proper- 
ties of a metal are influenced by the strain due to the atoms in the 
interstices. 

The most interesting example of interstitial structures is the so-called 
solution of hydrogen in some metals, particularly in palladium. The 
pressure dependence of the solubility shows that hydrogen is dissolved in 
the atomic rather than in the molecular form. We shall describe the 
solution of a hydrogen atom as an independent addition of a proton and 
an electron to the metal. The hydrogen ion is a bare proton, the radius 
of which is negligible on an atomic scale. The reason why hydrogen is 
not soluble in many more substances is that the H 2 molecule is rather 
stable and that a great additional amount of energy is needed to ionize 
the hydrogen atom and to obtain the proton and electron. The latter 
particles are taken up eagerly by any metal, but in most instances the 
energy thus liberated is not great enough to compensate for the initial 
expenditures of dissociation and ionization. 
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In all metals a certain energy called the ^‘work function” is needed to 
remove an electron from the metal. This energy ranges from about 1 
volt for caesium to about 5 volts for heavy transition elements. The 
same amount of energy is gained if an outside electron is added to the 
metal. The addition of the proton to the metal also liberates some 
energy, since, as soon as the proton enters, the density of electrons 
around it increases, and the potential energy of the system is lowered. 

It has been observed in palladium that hydrogen can diffuse freely 
through the metal and that under the action of an electric field the pro- 
tons drift in the direction of the field. The latter experiment means 
that the charge of the proton is not completely neutralized by the charge 
of the electron cloud around it. Evaluating the results quantitatively, 
we find that the force on the proton is about 50 times smaller than 
would be the force on a free proton showing that the neutralization of 
the proton's charge is almost complete. In fact, if the proton were 
infinitely heavier than the electrons, a complete neutralization should 
always be expected in a conductor. Since the proton gathers the charge 
of one electron around itself within the lattice, we might think that it 
has returned to an atomic state not unlike the state of a gaseous atom. 
But in the gas the nearest orbit to the proton was filled with one elec- 
tron. In the metal the proton is surrounded by electron pairs with 
opposite spins whose charge distribution differs radically from that 
found in the gaseous atom. 

The fact that hydrogen atoms are held with sufficiently strong energy 
in palladium to balance the energy needed for dissociation and ioniza- 
tion and that at the same time the hydrogens can move practically 
freely within the palladium supports the idea of an electron compound. 
Formation of some definite palladium hydride, if it had enough energy 
to break the II-II bond, would probably hold the hydrogen in a fixed 
position and would not permit great mobility. 

8.26 CHEMICAL PROCESSES ON SURFACES The importance 
of surface effects in chemistry is primarily due to the catalytic action of 
surfaces. Although the details of this catalysis are greatly varied, com- 
plicated, and often obscure, the general reasons why surfaces speed up 
some reactions are not difficult to understand. The forces emanating 
from a surface are of different kinds. Van der Waals forces are always 
present, although on closer approach chemical forces may begin to act 
between the surface atoms and the adsorbed atoms. The chemical 
forces may be particularly pronounced at some active points. The in- 
discriminate attractive action of the van der Waals forces helps to create 
a greater concentration of reactants near the surface, whereas the chem- 
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ical action of the surface may be useful in forming necessary intermedi- 
ate compounds. The circumstance that different active places on the 
surface might have different kinds of chemical effects might help to 
account for the variety of catalytic effects observed for a single kind of 
surface. 

All that has been said so far holds both for nonmetallic and for metallic 
catalysts. But metals can enter a chemical reaction in one more man- 
ner. They can accept an electron from a reactant, incorporating this 
electron into the Fermi sea, or they may give an electron to a reactant. 
The electron affinity of an insulator is usually quite small (a fraction of 
a volt), whereas the energy needed to pull out an electron from an 
insulator is often as high as 10 volts. In a metal the electron affinity is 
equal to the energy required for an electron to leave the metal, both of 
these quantities being called the work function. It is easy to see the 
reason for this difference between metals and insulators. In insulators 
the difference between “ionization energy (that is, the energy required 
to draw an electron out of the insulator) and the electron affinity is equal 
to the energy gap between the top of the last full Brillouin zone and the 
bottom of the first empty zone. In metals both the “ionization energy^ ^ 
and the electron affinity are equal to the energy difference between the 
top of the Fermi sea and the energy of an electron outside the metal. 

Thus metals are both good electron donors and good electron accep- 
tors. Insulators in general are poor electron donors and also poor 
electron acceptors. The best electron donors among the metals are 
those with the lowest work functions, that is, the alkali metals. The 
best electron acceptors are the metals with the highest work functions 
which are to be found among the transition metals. 

The ionization of reactants on metallic surfaces is facilitated by the 
fact that the ionic charge is partly neutralized by an appropriate in- 
crease or decrease of electron density in the adjacent metal surface. 
Since the reactant is in many cases in intimate contact with the metal 
surface, it might become ambiguous whether ionization has really taken 
place. The distinction between an ion and a neutral molecule is a sharp 
one only as long as there are no easily movable charges close to the ion. 

The ease with which a metal can accept and give electrons, neutralize 
charges, and carry electrons to new places opens various possibilities to 
influence the electron structure of adsorbed molecules and thereby to 
facilitate chemical reactions. 
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9.1 EFFECTS OF A MAGNETIC FIELD The motion of charged 
particles is affected by magnetic fields to a very much smaller extent 
than it is by electric fields. This is true as long as the motion of the 
particle is slow compared to light velocity, and it is in particular true 
for all valence electrons whose velocities are less than one hundredth of 
the velocity of light. Since practically all physical and chemical prop- 
erties of matter in bulk depend on the behavior of the outer electrons, 
we must expect magnetism to play a much smaller role in the structure 
of matter than is played by electricity. This situation is not changed by 
the presence of the internal angular momentum or spin of the electrons. 
Though the spin is connected with a magnetic moment, this magnetic 
moment is of the same magnitude as the moment due to the orbital 
motion of electrons. 

Though the interaction of atoms in molecules or in solids is not essen- 
tially influenced by magnetic effects, yet the spin plays an important 
part because opposite spin orientations for two electrons allow them to 
occupy the same orbit. Whenever such pairing of electrons occurs, the 
magnetic effects of their spins cancel. Conversely, whenever the influ- 
ence of the magnetic moment of an electron is apparent in the magnetic 
properties of a substance, we can conclude that an unpaired electron is 
present, and this statement is of direct interest in connection with 
chemical structure. The magnetic effects of the orbital motion com- 
plicate tliis situation considerably; but the same effects may yield 
valuable information about the electronic orbits. For instance, in 
crystals containing rare-earth ions, magnetic measurements have helped 
to confirm the conclusion that the motion of the electrons in the internal 
incomplete shells is affected to a very small extent by the field of the 
neighboring ions. 

A discussion of magnetism must of course also include the phenom- 
enon of ferromagnetism, a phenomenon which does not affect very 
deeply the structure of the bodies involved and is not connected with 
particularly great energies but which is nevertheless striking and seems 
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to require a peculiar compensation of forces occurring only in a small 
number of compounds. 


9.2 THE MAGNETIC MOMENT A magnetic moment is produced 
by a current enclosing a certain area. We shall consider only the sim- 
plest case in which the enclosed area is plane. Then the magnitude of 
the magnetic moment /x is 


I<T 


M = ~ 


9.2(1) 


c 


where I is the intensity of the current, a the enclosed area, and c the 
velocity of light. The magnetic moment like the electric moment is a 
vector. Its direction is perpendicular to the plane mentioned and is 
such that, if we look from the south to the north pole, the current 
appears to flow in a clockwise direction. The interaction of a magnetic 
dipole with a magnetic field is of the same kind as the interaction of an 
electric dipole with an electric field; namely, there is an orienting force 
on the dipole which tends to line up the dipole with the field. The 
energy of interaction with the field H is given by 


—fxH cos 0 


9.2(2) 


where 6 is the angle included by the dipole and the field direction. 

No atom has an electric dipole moment in its lowest state and as a 
rule not even in an excited state. On the other hand, magnetic mo- 
ments are quite common in atoms. The reason which has ruled out 
electric dipole moments in atoms is that reflection in the center of the 
atom should invert the electric dipole, whereas in reality such an inver- 
sion leaves the charge distribution in an atom unchanged. If a circular 
current is considered, it may be seen immediately that inversion in the 
center of the circle merely interchanges diametrically opposite points of 
the circle but leaves the direction of the current unchanged. Actually, 
inversion leaves both the charge and current distribution in an atom 
unchanged, and, since the magnetic moment too remains the same under 
this operation, there is no general reason of symmetry which would 
cause the magnetic dipole to vanish. 

The magnetic moment produced by the motion of the electrons in 
their orbits is connected in a simple manner with the angular momen- 
tum of the atom. If M is the angular momentum, one can show with 
the help of equation 9.2(1) that the magnetic moment is 


eM 

2mc 


9.2(3) 


where m and e are the mass and charge, respectively, of the electron. 
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Since the angular momentum of an atom is an integral multiple of V27r, 
the magnetic moment of the atom must be an integral multiple * of 


eh 

47rmc 


9.2(4) 


This elementary magnetic moment, ms, is called the Bohr magneton. 
The simple relationship between the orbital magnetic moment and the 
Bohr magneton holds only as long as the electron moves in a spherically 
symmetrical field. In diatomic molecules and more generally in linear 
molecules, in which the field has cylindrical symmetry, the component 
of the magnetic moment along the axis of the molecule is still a multiple 
of the Bohr magneton. But, if the field is of a sufficiently low symmetry 
and is sufficiently strong, the orbital magnetic moment of the electrons 
turns out to be zero. This is in fact a very common occurrence in 
polyatomic molecules and crystals. Magnetic moments which differ 
from zero but are not multiples of a Bohr magneton occur in fields with 
a symmetry of three- or more-fold axes. If the symmetry is even lower 
but the microscopic field is extremely weak, the magnetic moment de- 
pends on the strength of the external field and vanishes when the 
external field goes to zero. 

In addition to the orbital magnetic moment, electrons possess a 
magnetic moment connected with their spin. The magnitude of this 
moment is one Bohr magneton which may seem somewhat surprising in 
view of the fact that the spin angular momentum is only one half the 
unit h/2Tr. Thus relation 9.2(3) does not hold for the spin.f The re- 
sultant of spin and orbital magnetic moments can be obtained by add- 
ing the vectors which represent the two moments. The resultant will 
be, in general, no longer a multiple of the Bohr magneton, but it can be 
calculated in terms of Bohr magnetons by the quantum-mechanical 
vector-addition rule. 

In contrast to the behavior of the orbital magnetic moment, the spin 
magnetic moment cannot be quenched by microscopic electric fields. 
The only coupling to which spin is subject in atoms, molecules, or crys- 
tals is coupling to magnetic fields, other magnetic moments, or other 
spins. 

* Strictly speaking, this holds for the components of angular momentum and 
magnetic moment along a given direction. The actual length of the angular-momen- 
tum and magnetic-moment vectors is given according to quantum mechanics not 
by an integer I multiplied by an elementary angular momentum or magnetic moment, 
but rather by l{l -f 1) multiplied by the elementary quantity. 

f This actually is a consequence of relativistic quantum mechanics. 
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9.3 TEMPERATURE-DEPENDENT PARAMAGNETISM A 
paramagnetic substance is a magnetic analogue of a dielectric sub- 
stance. In an isotropic paramagnetic substance, a magnetic field in- 
duces an average magnetic moment which is parallel to the magnetic 
field. The paramagnetism of many substances shows a temperature 
dependence of the same form as the temperature dependence of that 
part of the dielectric constant which is due to electric dipoles. In these 
substances the paramagnetism is actually produced by magnetic dipoles 
which can orient themselves freely in an outside magnetic field. 

By an argument which is similar to that given in section 5.4 we find 
that the magnetization, that is, the magnetic dipole per unit volume 
induced by a magnetic field //, is 


Nix^H 

SkT 


9.3(1) 


where N is the number of magnetic dipoles per unit volume. From this, 
we obtain for the magnetic permeability * 


1 + 


ZkT 


9.3(2) 


The temperature-dependent paramagnetism previously described is of 
course found only for substances which do possess a magnetic moment. 
Such substances are relatively rare because in saturated compounds 
the spins are paired and their magnetic moments cancel while the orbits 
tend to form closed shells whose angular momentum and magnetic 
moment is zero. Notable examples for paramagnetic gases are oxygen 
and nitric oxide (NO). The former has no orbital angular momentum 
but two parallel uncompensated spins. The latter has one uncompen- 
sated spin and one unit of orbital angular momentum along the molecu- 
lar axis. The temperature dependence of the paramagnetism of nitric 
oxide is complicated by the fact that the molecule has two low elec- 
tronic levels. In the lowest level the spin and orbital magnetic moment 
cancel each other so that at low temperatures the paramagnetism dis- 
appears. But already at room temperature the next level in which the 
orbital and spin magnetic moments re-enforce each other is excited, 
and nitric oxide is paramagnetic. Owing to the weakness of magnetic 

* In calculating this permeability we must not use integer mult iples I of the Bohr 
magneton for If ^ is of orbital origin, then its value is l{l + 1)» and, if it 
originates from spin alone, its value is ^ 13 ^ 1(1 -f 2). If both the orbit and the spin 
contribute or if the orbital magnetic moment is partly quenched, more complicated 
expressions are obtained. 
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coupling inside atoms, molecules, and crystals, it is not unusual to en- 
counter a situation similar to that just mentioned. Levels which differ 
only on relative orientation of magnetic moments within an atom are 
apt to lie so close to each other that the temperature energy suffices to 
cause transitions between these levels. 

An extensive class of paramagnetic substances is afforded by crystals 
containing rare-earth ions. The paramagnetism is due to the magnetic 
moments of the inner incomplete shell. This shell is sufficiently far 
inside the ion so that the microscopic fields of the crystal though having 
a noticeable effect do not complicate the calculation of the paramagnetic 
susceptibilities too greatly. Investigation of the magnetic properties of 
these ions has helped materially in clarifying the electronic structure of 
the incomplete inner shell. 

Paramagnetism appears in other transition metal ions, but in these 
the incomplete shells are less completely shielded from the influence of 
the crystal field, and thus the theory of paramagnetism for these com- 
pounds is more involved. Paramagnetism of these ions may neverthe- 
less serve as a guide in finding the electronic configuration in complex 
ions. According to the kind of co-ordination, the number of orbits on 
the central ion available for the electrons participating in the co-ordina- 
tion bond may vary, and magnetic measurements can furnish informa- 
tion about the configuration of these electrons. This method has been 
used by Pauling to distinguish between the tetrahedrally co-ordinated 
doubly charged nickel ion in 



NH, NHj 

and the doubly charged nickel ion with plane co-ordination, 

(CNr (CNf 



(CN) (CN) 

In the latter, eight electrons of the four co-ordination bonds (shown by 
dotted lines in the formula) must be distributed among four orbits (one 
3d orbit, one 4s orbit, and two 4p orbits) which results in complete pair- 
ing of the electrons. Correspondingly no paramagnetism is observed. 
In the tetrahedral compound, five orbits (one 3d orbit, one 4s orbit, 
and three 4p orbits) are available for eight electrons of the co-ordination 
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bonds. Two spins remain uncompensated, and the substance is, there- 
fore, paramagnetic. (See section 8.9.) 

9.4 MAGNETISM AND THE PRODUCTION OF LOW TEM- 
PERATURES The magnetic properties of rare-earth salts have been 
used to produce temperatures well below 1° K. We shall outline the 
principle on which this method is based. 

Low temperatures are usually produced by transition of a system 
from a state of lower energy and small a priori probability to a state of 
higher energy and great a priori probability. The most common exam- 
ple of such a process is evaporation, in which process the molecules 
absorb energy in order to get into the vapor phase. The practical limi- 
tation of using such processes in the production of low temperatures is 
that after the temperature has been decreased to a certain extent almost 
all molecules will remain in the state of lowest energy. In order to reach 
low temperatures one must therefore utilize processes in which the 
change of energy is sufficiently small so that the process does not die 
off even at low temperatures. The fact that magnetic interactions are 
small, particularly if the magnets are not too close to each other, has 
the consequence that the orientations of magnetic moments retain their 
mobility even at very low temperatures. 

The following procedure has been applied. A paramagnetic rare- 
earth salt is brought at liquid helium temperatures into a strong magnetic 
field. According to expression 9.3(2) the permeability at low tempera- 
tures is very high. By using sufficiently strong fields we can line up all 
atomic magnets with the external field.* In orienting the dipoles, the 
energy of the dipoles is lowered, and the heat thus released is carried 
away by the liquid helium. Then the system is as far as possible iso- 
lated against further heat exchange, and the magnetic field is slowly 
diminished until it reaches zero. During the process the magnets re- 
sume random orientation. This process is occurring while the magnetic 
field is still different from zero, so that the magnetic dipoles perform 
work against the magnetic field. The required energy is furnished from 
the store of heat energy of the substance so that the temperature is 
lowered. Factors limiting the temperatures which can be reached by 
this method are (1) interaction between the magnets which causes them 
to occupy fixed relative orientations if the temperature becomes too low, 
and (2) the slowness of exchange of energy between various degrees of 
freedom. We cannot completely escape both of these difficulties since 

* In this case of saturation, the formulae 9.3(1) and 9.3(2) no longer apply. They 
were derived on the assumption that the orienting effect of the magnetic field intro- 
duces a small perturbation into the originally isotropic distribution of magnets. 
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high values of interaction prevent mobility, whereas too low interactions 
cause equilibrium to be established very slowly. 

9.5 FERROMAGNETISM According to formula 9.3(2) paramag- 
netism can be enhanced by lining up a number of magnets parallel with 
each other. If for instance in an assembly of magnets, pairs of magnets 
were always forced to be parallel, we could replace N magnets of mo- 
ment fjL hy N/2 magnets of moment 2/x. In the combination Nj/ which 
enters in equations 9.3(1) and 9.3(2), N is decreased by a factor but 

is increased by a factor 4, and the paramagnetism is enhanced by a 
factor 2. In ferromagnetic substances very great numbers of elementary 
magnets are tied together into a so-called elementary domain. Accord- 
ing to the state of the crystal, the large magnetic moment of an elemen- 
tary domain may be tied rather tightly to certain directions in the crys- 
tal or else may be relatively free to change its orientation. The first is 
usually the case in a lattice full of irregularities such as hard iron. If 
such a substance is once magnetized, the elementary domains remain 
lined up, and we have a permanent magnet. In a more regular lattice, 
for instance soft iron, the elementary domains may return more easily 
to random orientations when the external field is removed.* 

The main problem in explaining ferromagnetism is to understand the 
nature of the forces that cause the magnetic dipoles to remain lined up 
with each other. On^ can show that in iron and in similar substances, 
the orbital contribution to the magnetic moment is quenched by the 
field of the crystal, and we need consider only the electron spin. Free 
spins are indeed available in the incomplete d shell. In discussing the 
chemical bond, we have seen that forces causing relative orientation of 
spins may be due to the operation of electrostatic interaction between 
electrons and the Pauli principle. If in particular the symmetrical 
orbital wave function of two electrons has a lower energy than an anti- 
symmetrical orbital wave function, then in the more stable wave func- 
tion the spins will be opposed. This is the case in the lower state of the 
hydrogen molecule, for the electron pairs in the valence-orbit picture, 
and in general always when a maximum number of electrons are to be 
packed into a given number of states. But in the transition elements 
there is a surplus of free orbits, and under this condition there is no 
reason why the antisymmetrical state should not be the lowest. In this 
antisymmetrical state the spins must be parallel according to the re- 
quirements of the Pauli principle. 

* Electric as well as magnetic dipoles have sometimes the tendency of parallel 
orientation within extended domains of some crystals. This occurs, for instance, 
in KH2PO4 and BaTiOa. The resultant electric phenomenon is called ferroelectricity 
and is analogous to ferromagnetism. 



FERROMAGNETISM 


189 


At high temperatures ferromagnets become weaker, the magnetic 
moment of an elementary domain decreases, and at a certain tempera- 
ture, the Curie point, ferromagnetism changes into temperature-de- 
pendent paramagnetism. If the Curie point is approached from the 
high-temperature side, the paramagnetism increases and becomes 
infinite at the Curie point. It is easy to understand qualitatively these 
effects. We shall start at low temperatures where the spins within an 
elementary domain are perfectly ordered. With rising temperature the 
distribution of spins becomes more random, and the moments of the 
domains decrease. The preferred orientation of each spin in the domain 
is determined by the action of the other spins in the domain so that, as 
disorder within the domain increases, the average orienting forces on 
each spin becomes smaller. Thus disorder will increase with rising 
temperature at an accelerated rate, and at the Curie temperature the 
magnetic moment of the domain has become equal to zero save for 
fluctuations. The fluctuations consist of correlations between neighbor- 
ing magnetic dipoles ; they cause the paramagnetism, immediately above 
the Curie point, to have exceptionally high values. The energy needed 
to introduce random orientation of the spins also causes a specific heat 
anomaly at the Curie point. 

The value of fcT at the Curie point gives the order of magnitude of 
the coupling between the spins. This energy turns out to be of the 
order of one tenth of an electron volt and is thus considerably smaller 
than energies of bond formation. The relatively small energy value 
may be explained by the fact that the interacting electrons are located 
at relatively great distances in the internal shells of different atoms and 
that the overlap of their wave functions which determines the relative 
spin orientation is small. We might perhaps expect that by bringing 
incomplete orbits closer together substances with higher Curie points 
might be produced. There are two reasons which make this expecta- 
tion somewhat doubtful. First a variety of ferromagnetic substances is 
already known, and though some of them have quite low Curie points 
none has a Curie point higher than 2000^^ K. The second reason is that 
if the incomplete shells approach too closely to each other and if their 
functions begin to overlap considerably, we may expect that the inter- 
action of the electrons in these shells becomes similar to the usual inter- 
action of electrons in the outer shell, namely, that an attraction between 
electron pairs is associated with symmetrical orbital wave functions and 
opposed spins. 

According to experimental evidence, conditions for the occurrence of 
ferromagnetism are satisfied if few electrons are missing from the 3d 
shell. Thus iron, cobalt, and nickel are ferromagnetic, but copper in 
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which the M shell is filled is not ferromagnetic, and neither is manganese 
in which apparently too many electrons are missing from the 3d shell. 
In this connection it is interesting to note that ferromagnetism has been 
observed in copper-manganese alloys in which apparently some of the 
copper electrons are transferred to the manganese atoms. 

9.6 TEMPERATURE-INDEPENDENT PARAMAGNETISM AND 
DIAMAGNETISM The effects discussed in the previous sections 
are exhibited only by a small fraction of substances. The magnetic 
effects in most substances are considerably weaker than those found 
for ferromagnetic substances and the typical temperature-dependent 
paramagnetic substances. In addition, the magnetic properties of most 
substances do not depend sensitively on the temperature. 

One class of these more usual substances contains many of the metals 
and shows a weak temperature-independent paramagnetism. To ex- 
plain this we must consider the distribution of electrons in the partially 
filled Brillouin zone of the metal. In the absence of a magnetic field, 
spins of both orientations occur equally frequently. But in the presence 
of a magnetic field the electrons will tend to have magnetic moments 
which are parallel* to the magnetic field. This they can accomplish 
without violating the Pauli principle, if electrons with spins opposed to 
the field and having the liighest kinetic energy are transferred to empty 
states in the same Brillouin zone in which the kinetic energy is some- 
what higher and the spin is parallel to the field. The rise in the kinetic 
energy is at first overcompensated by a decrease in magnetic energy, 
but, after a number of electrons have made the transition just described, 
a too great change in kinetic energy will be necessary to transfer further 
electrons with spins opposed to the field into states with spins parallel 
to the field. It is seen that the circumstance limiting the number of 
electrons that can change their spins does not depend on temperature. 
It can be verified by simple calculations that the afore-mentioned ideas 
lead to a paramagnetic permeability of the magnitude observed in most 
metals. 

A very great numoer of substances have a magnetic susceptibility 
which is smaller than 1. This means that a magnetic field induces in 
these substances magnetic dipoles which are opposed in direction to a 
magnetic field. These substances are said to be diamagnetic. Diamag- 
netism is as a rule a smaller effect than the temperature-dependent 
paramagnetism discussed in section 9.3. 

Diamagnetism is in more than one way analogous to that part of the 
dielectric constant wliich is due to the polarizability of atoms or mole 
cules. It is a small reaction to magnetic fields found in such systems 
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which have no permanent magnetic moment. For saturated substances 
absence of a permanent magnetic moment is the rule, and this accounts 
for the great number of compounds belonging to this class. Diamag- 
netism is as a rule temperature-independent. The reasons for this are 
similar to the reasons for the temperature independence of the dielec- 
tric constant in nonpolar substances. 

The explanation of diamagnetism is connected with the effects that a 
changing magnetic field Has on charged bodies. Time-dependent mac- 
roscopic magnetic fields are known to induce currents in closed wires, 
and the resulting circular current has a magnetic moment. If initially 
no magnetic field is present and the field strength is then subsequently 
increased to a finite value, the induced magnetic moment is opposed in 
direction to the magnetic field. Under ordinary circumstances, the in- 
duced current is of course soon damped out by the resistance of the 
wire. The simplest way of explaining diamagnetism is to consider an 
atom as a microscopic conductor whose resistance is zero. Then it is 
clear that when a magnetic field is applied a current is induced which 
produces a magnetic moment opposed to the field. In the absence of 
resistance, this moment persists as long as the magnetic field remains 
unchanged. In view of the fact that electrons move in an unhindered 
way in the atom and that in stationary orbits they cannot lose energy 
by collisions, the picture proposed here is not unreasonable. Diamag- 
netic susceptibilities can be calculated by incorporating the magnetic 
and induction forces into the differential equation describing the atom. 
A really quantitative calculation can be performed, of course, only for 
those systems whose wave functions in the absence of a magnetic field 
are already known. 

A few substances have large diamagnetic susceptibilities, and these 
susceptibilities often exhibit a rather complicated dependence on tem- 
perature and field strength. One striking example is metallic bismuth. 
The effect is due to the magnetic induction acting on the free electrons 
in the metal. In itself this should be a small effect, but if a Brillouin 
zone is very nearly full or if one has just been started, then the electrons 
may act as though they had a very small effective mass, and in this case 
the theory does predict strong diamagnetism. Another example of a 
substance with high permeability is graphite. It may be seen from 
Figure 8.23(1) that if graphite has incomplete Brillouin zones only few 
freely moving electrons and holes are to be expected, and all of these 
are close to boundaries of zones. It is also interesting to note that the 
diamagnetism of graphite has the anomalously great value only if the 
magnetic field is applied in a direction perpendicular to the strongly 
bound planes of graphite. Indeed electrons will be affected by the 
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magnetic induction much more strongly if the induction forces lie in 
the graphite planes. This is the case if the magnetic field is perpendicu- 
lar to these planes. 

Superconductors act in some respects like infinitely diamagnetic 
substances. In fact, it is not quite clear whether, in describing this as 
yet unexplained phenomenon,* we should consider infinite conductivity 
‘or infinite diamagnetism as the main feature. If in the macroscopic 
model for diamagnetism which has been used previously the conducting 
closed wire were replaced by a superconductor, the magnetic moment 
induced by the field would persist indefinitely. 

* By infinite diamagnetism we mean such diamagnetism which completely expels 
magnetic force lines from the substance in question. 



10 . MOLECULAR VIBRATIONS 


10.1 INTRODUCTION In the development of quantum theory, 
the emphasis on spectroscopy was so great that sometimes it seemed as 
though quantum theory itself were merely a tool for finding spectro- 
scopic rules. As quantum mechanics became a completed branch of 
physics, it was found to play the same rule for atomic and subatomic 
phenomena as is played by ordinary mechanics in the description of 
macrophysics. Spectroscopy retains, however, its importance as a direct 
method of finding atomic and molecular energy levels. 

We shall be interested here in the method of getting such information 
from spectra and also in the general results to which these methods 
lead. Molecular spectroscopy will receive much more attention than 
atomic spectroscopy, some results of which have already been mentioned 
in connection with the theory of the hydrogen atom and the periodic 
table. 

We shall consider in this chapter those spectra which are connected 
with molecular vibrations, that is the infrared and Raman spectra. In 
the following chapter the electronic spectra of atoms and molecules are 
considered. 

10.2 MOLECULAR VIBRATIONS A diatomic molecule can vi- 
brate in one definite manner. The vibration consists in the periodic 
change of the interatomic distance. If during the vibration the dis- 
placements from the equilibrium distance are small, then it is justifiable 
to assume that the restoring force varies proportionally to the displace- 
ment. Of course, in any actual molecule the dependence of the restoring 
force on the displacement contains quadratic and higher terms, but for 
small displacements these can be neglected. If we restrict the discus- 
sion to that of a linear dependence of the restoring force on the displace- 
ment, we obtain the model of a harmonic oscillator. The linear-force 
law is called the harmonic-force law, and the resulting sinusoidal varia- 
tion of displacement with time is called harmonic oscillation. Accord- 
ing to a simple classical treatment we obtain, for the displacement x, 

X == asin 27 rj'^ or a; = acos2Trvt 10.2(1) 
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where a is the amplitude of the vibration and v is the frequency. The 
two formulae differ only in the phase of the vibration. Linear combina- 
tions of the sine and cosine would give other possible phases. The fre- 
quency may be calculated from the proportionality constant h between 
restoring force F and displacement. {F = —kx, the minus sign indi- 
cating that the direction of the force is opposite that of the displace- 
ment.) The frequency is given by 

10.2r2) 

/111 

where ix is the reduced mass of the two atoms I - = 1 , and 

\/x mi m 2 

m 2 being the masses of the atoms 

According to quantum mechanics, the possible energies of the har- 
monic oscillator are {n + \)hv where n can be zero or any integer. The 
lowest energy level n = 0 lies by the amount ^hv above the minimum 
of the potential energy corresponding to the equilibrium distance. This 
residual energy which the harmonic oscillator necessarily retains even 
at the absolute zero is called the zero-point energy. Its presence is due 
to the fact that according to the uncertainty relation one cannot localize 
the two atoms at exactly their equilibrium distance from each other and 
at the same time make the momentum and with it the kinetic energy 
exactly equal to zero. Thus the same reason which explains why the 
electron of the hydrogen atom does not fall into the proton also pro- 
hibits a harmonic oscillator from being absolutely at rest in its precise 
equilibrium position. 

The vibrations of polyatomic molecules present a more- complex 
picture. If by the displacement of atoms strains are produced in the 
molecule, an apparently disorderly motion results. There are, however, 
some vibrations, called normal vibrations, for which the motion is 
simpler. In a normal vibration, all atoms move in straight lines, and in 
addition all of them move in phase, their displacement changing with 
time in a sinusoidal manner. Thus each normal vibration has a certain 
characteristic frequency. On the other hand, the amplitude of the 
normal vibration can have any value. All this holds only if the forces 
are harmonic, that is, if they depend linearly on the atomic displace- 
ments from the equilibrium positions. For small displacements, the 
assumption of harmonicity is permissible. Even harmonic forces may 
be quite complicated since the components of the force acting on any 
atom may depend on the components of displacement of any other atom. 
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We can show that the number of different normal vibrations is equal 
to the number of vibrational degrees of freedom. This number is ob- 
tained by taking the total number of degrees of freedom of the mole- 
cule, that is, the number of independent ways in which atoms of the 
molecule can move, and subtracting the translational and rotational 
degrees of freedom. For an n-atomic molecule the total number of 
degrees of freedom is 3n; there are always three translational degrees of 
freedom and mostly three rotational degrees corresponding to three 
independent rotations of the molecule about three perpendicular axes. 
But for linear molecules only two rotational degrees of freedom exist 
since the rotation around the molecule axis does not displace the atoms 
and must therefore not be counted as a degree of freedom. Altogether 
we find 3n — 6 vibrational degrees of freedom and the same number of 
independent normal vibrations in a nonlinear molecule. The corre- 
sponding number for a linear molecule is 3ri — 5. 

The knowledge of all normal vibrations of a molecule makes it possi- 
ble to describe all the vibrational motions in a comparatively simple 
manner. This is possible because of two facts. The first is that normal 
vibrations may be simply superposed, by which we mean that from two 
or more normal vibrations we can construct an actual vibration of the 
molecule in which the displacement of each atom at each time is the 
sum of displacements which that atom would have according to the 
several normal vibrations. The second fact is that the normal vibra- 
tions form a complete system, by which we mean that any displacement 
in which no translation or rotation is involved can be obtained by 
superposing displacements characteristic of normal vibrations. A fur- 
ther very helpful fact is that, as a general rule, superposed normal vibra- 
tions not only proceed independently of each other but also give rise to 
independent effects in the various spectra. Therefore, apart from cor- 
rections and exceptions to be discussed later, the influence of each nor- 
mal vibration on the spectrum can be considered by itself. 

10.3 SYMMETRY OF NORMAL VIBRATIONS If in a molecule 
of known configuration the linear relation between restoring forces and 
displacements is given, it is possible to calculate the frequency and the 
form of the normal vibrations. However, the calculation is complicated 
for polyatomic molecules, involving as it does the solution of an equa- 
tion of high order. In practice the opposite problem usually arises. 
The frequencies can be determined experimentally, and in addition some 
information may be obtained about the forms of the vibrations. From 
these data we wish to find what kind of forces arise when atoms are dis- 
placed. These forces are of direct interest in molecular structure and in 
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chemistry since they insure the stability of the molecule and may enter 
in quantitative considerations of the mechanisms of chemical changes. 

Unfortunately in most cases the experimental facts about the normal 
vibrations are too few to permit the calculation of all force constants. 
But the problem can be greatly simplified and sometimes completely 
solved by taking into account the molecular symmetry and the sym- 
metry of the normal vibrations. In fact, considerations of symmetry 
often make it possible to find the form of normal vibrations without 
making lengthy calculations. 

For the discussion of the vibrations of diatomic molecules, sjunmetry 
need not be considered, since for each molecule only one mode of vibra- 
tion exists. One of the simplest examples among the polyatomic mole- 
_ ^ cules is carbon dioxide. The three atoms of this 

0 c o molecule lie in a straight line, and the two oxy- 

gen atoms are at equal distances from the car- 
bon atom. We can see easily that only one mode 
bon dioxide. vibration exists in the course of which the 

complete symmetry of the molecule is preserved. 
In this vibration the carbon atom remains at rest while the two oxygen 
atoms move at the same rates in opposite directions. The displacements 
in this vibration are shown by arrows in Figure 10.3(1). It is evident 
that the vibration just described is a normal vibration. In fact, sym- 
metry insures that the carbon atom will remain at rest while the equal 
displaceiAwts of the oxygen atoms produce equal forces so that the two 
oxygen atoms continue to move in phase. The reason why it is possible 
in this case to guess the form of a normal vibration without any calcula- 
tions is that carbon dioxide possesses just one normal vibration of this 
symmetry type. Whenever we can construct more than one normal 
vibration of the same symmetry type, the form of the normal vibrations 
will depend on the force constants of the molecule, and more detailed 
calculations cannot be avoided. The carbon dioxide vibration men- 
tioned is an example of a totally symmetrical vibration. 

The remaining normal vibrations of carbon dioxide can also be ob- 
tained by using symmetry^ arguments alone. In these vibrations the 
two oxygen atoms move by equal amounts and strictly parallel to each 
other, while the carbon atom moves in the opposite direction, and its 
amplitude may be obtained from the rule that in a normal vibration 
the center of gravity of the molecule does not move. The vibrations 
which we are considering include two different types. In the one, all 
atoms move along the molecular axis. This vibration is shown in Fig- 
ure 10.3(2). The symmetry properties of this vibration are described 
by the statements that the vibration is symmetrical to certain sym- 
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metry elements while it is antisymmetrical to others. We shall say 
that a normal vibration is symmetrical to a certain symmetry operation 
if the vibration remains unchanged when the symmetry operation in 
question is performed. For instance one operation belonging to a sym- 
metry of carbon dioxide is reflection in any plane which contains the 
molecular axis. The vibration just described remains unchanged under 
the influence of this symmetry operation since the motion takes place 
along the axis. A vibration is called antisymmetrical to a symmetry 
element if the phase of the vibration is reversed 
by the reflection. For instance the vibration 
under discussion is antisymmetrical to the re- 
flection in a plane which is perpendicular to 
the molecular axis and which passes through 
the equilibrium position of the carbon atom. 

It is also possible that the parallel motion 
of the oxygen and the opposite motion of 
the carbon atom take place perpendicularly 
to the molecular axis. ^This gives the last 
normal vibration [shown in Figure 10.3(3)] 
of carbon dioxide. This vibration differs in one respect from those 
previously discussed, which were perfectly defined as soon as their 
amplitude was given. The vibration proceeding perpendicularly to the 
molecular axis may occur not only with an arbitrary amplitude but also 
in an arbitrary direction away from the axis. The vibratioJifl*.in differ- 
ent directions have of course the same frequency since they can be trans- 
formed into each other by rotations around the molecular axis. If as in 
the present case vibrations differing in more than their amplitude belong 

to the same frequency, we speak about a de- 
generate vibration. If the reason for the de- 
generacy lies, as in the present case, in the 
symmetry of the molecule, we talk about a 
necessary degeneracy in contrast to the ac- 
cidental degeneracies which may occur if the 
force constants o| the molecule happen to 
satisfy certain relations. 

There are infinitely many ways in which the carbon dioxide molecule 
can vibrate perpendicularly to the molecular axis. Yet we count this 
vibration as only two vibrations, or, in more technical terms, we speak 
about a twofold degenerate vibration. We do this because from two of 
these vibrations we can obtain by appropriate superposition any other 
vibration of the set. Thus the degenerate vibration corresponds to two 
degrees of freedom. This situation is similar to the well-known case of 
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Fig. 10.3(3). Degenerate 
vibration of carbon di- 
oxide. 


o c o 

Fig. 10.3(2). Normal vi- 
bration of carbon dioxide. 
This vibration is char- 
acterized by the state- 
ment that it is antisym- 
metrical to a plane passing 
through C and perpen- 
dicular to the molecular 
axis. 
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molecular translations. Although translations are possible in any 
direction in space, yet only three degrees of freedom correspond to trans- 
lations since all translations can be obtained by appropriate superposi- 
tion of translations in three perpendicular directions. 

It is noteworthy that for degenerate normal vibrations we may and 
usually do apply a definition of normal vibrations which differs from 
the one given in section 10.2. Let us consider two vibrations which are 
perpendicular to the carbon dioxide axis and also to each other. If these 
vibrations are superposed with a phase shift, we find that all atoms 
move on ellipses rather than on straight lines. This motion in which all 
atoms still move with the same frequency is included in the usual def- 
inition of normal vibrations, and it is not required that all atoms move 
in phase and along straight lines. 

We have now described all normal vibrations of carbon dioxide. This 
molecule has nine degrees of freedom, of which three belong to trans- 
lations and two to rotations. From the four vibrational degrees of free- 
dom, one is totally symmetrical, another is not totally symmetrical while 
also not degenerate, and the two remaining degrees of freedom are 
accounted for by a twofold degenerate vibration. All other motions of 
carbon dioxide can be obtained by superposing the simple motions just 
described. For instance, if the carbon atom is displaced at an angle 
different from 90 ° to the molecular axis, both the vibrations parallel 
and perpendicular to the axis will be excited. Since these vibrations 
have different frequencies a complicated motion results. 

The types of normal vibrations found for carbon dioxide exhaust the 
possible kinds of normal vibrations for any molecule. If a vibration 
remains unchanged under all symmetry operations, then it is totally 
symmetrical. If the vibration does not remain unchanged under all 
symmetry operations but reverses its phase under the influence of some 
operations, then the vibration is nontotally symmetrical and nondegen- 
erate (at least, as long as accidental degeneracy is disregarded). If, 
finally, some symmetry operations cause a more profound change in the 
vibration than mere reversal of sign, then we have a (necessarily) de- 
generate vibration. Most of the degenerate vibrations of molecules are 
twofold degenerate, but in molecules of cubic symmetry like CH4 or 
SFe, threefold degenerate vibrations occur (that is, vibrations where all 
the degenerate modes are obtained by the superposition of three inde- 
pendent vibrations). It may be observed that a degenerate vibration 
may be symmetrical or antisymmetrical to some symmetry elements. 
For instance the degenerate carbon dioxide vibration is symmetrical 
with regard to reflection in the plane which is perpendicular to the 
molecular axis and passes through the equilibrium position of the car- 
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bon atom; and the same normal vibration is antisymmetrical with 
respect to reflection in the center of symmetry. 

10.4 MOLECULAR ROTATION According to classical theory, the 
rotation of a diatomic or a linear polyatomic molecule is extremely 
simple. The rotation takes place around an axis which passes through 
the center of gravity and is perpendicular to the molecular axis. The 
energy of rotation is given by the square of the angular momentum of 
rotation divided by twice the moment of inertia. 

In quantum theory, the foregoing statements still remain essentially 
true, but one important addition must be made. In classical theory 
the angular momentum can assume any value, in quantum theory the 
angular momentum must be zero or an integral multiple of Planck’s 
constant /i, divided by 2 t . We may set the angular momentum M 
= jh/2Tr, The fact that M is an integral multiple of h/2Tr is due to the 
same reasons which in the hydrogen atom gave rise to the values 0, 
V^TT, 2A/27r, etc., for the angular momenta of the s, p, d, etc., electrons. 
Substituting jh/2T into the classical expression for rotational energy, 
we obtain 

- 5 ^ 10 . 4 ( 1 ) 


where I is the moment of inertia. Quantum-mechanical calculations 
show that the foregoing expression must be slightly modified and one 
obtains, for the rotational energy in quantum theory. 


_ h^jij + 1 ) 

Sir^I 


10.4(2) 


The reason why the correct quantum expression 10.4(2) differs from the 
equation 10.4(1) obtained by simple quantization of the angular momen- 
tum is connected with the uncertainty principle. The angular momen- 
tum must be represented by a vector whose direction is parallel to the 
axis of rotation. It can be shown that the three components of the 
angular-momentum vector cannot be known accurately at the same 
time. This causes an uncertainty in the direction of the rotational axis 
which is the more important the lower the angular momentum. Lack 
of accurate knowledge of the components of M leads to the further con- 
sequence that f in equation 10.4(1) must be replaced by j(j + 1). It 
may be seen that, though this effect increases with increasing j values, its 
relative importance compared to the total rotational energy decreases. 

The formula for the rotational energy levels of a linear molecule has 
been discussed in some detail, because this formula enables us to calcu- 
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late the internuclear distance in a diatomic molecule from the rotational 
energy levels. By adjusting the formula 10.4(2) to empirical rotational 
levels we obtain the moment of inertia /, which is equal to the reduced 
mass of the two atoms times the square of their distance. 

The theory of the rotation of a nonlinear polyatomic molecule is more 
involved according to both classical mechanics and quantum mechanics. 
The influence of rotation of nonlinear molecules has been analyzed in a 
few cases, and they have led to the determination of interatomic dis- 
tances. As examples may be mentioned water and methane. The 
method is essentially the same as for linear molecules; quantization of 
the angular momentum leads to discrete rotational energy levels, the 
values of which depend on the moments of inertia. From these the 
internuclear distances may be determined for sufficiently simple 
molecules. 

Further complications arise if the interaction of rotation and vibra- 
tion is taken into account. In fact, rotations and vibrations can be 
discussed completely separately only as long as all vibrational ampli- 
tudes are small compared to interatomic distances. If atoms are held 
very loosely in their equilibrium positions, displacements become too 
large, and interaction of vibration and rotation becomes important. 

10.5 THE INFRARED SPECTRUM The mechanism of emission 
of radiation is the production of electric and magnetic fields by oscillat- 
ing electric charges. Molecular vibrations and rotations produce peri- 
odic oscillations of charges and give rise to emission (and absorption) of 
radiation. The frequency of this radiation is of course equal to the fre- 
quency of the molecular motion in question, and thus direct information 
about the latter frequency may be obtained. These frequencies lie in 
the infrared region. The well-known vibrational frequencies are mostly 
between 10^^ and 10^^ vibrations per second, while some vibrational 
frequencies and practically all rotational frequencies are still lower. 

The study of frequencies lower than 10^^ vibrations per second be- 
comes increasingly more difficult so that most data refer to the higher- 
frequency region. The wavelength of the radiation in the important 
frequency region 10^^ sec.-^ to 10^^ sec.“^ varies* from 30 X cm. 
to 3 X 10 cm. It is usual to give the reciprocal value of the wave- 
length which is called the wave number. The advantage of using wave 
numbers is that they are proportional to the frequencies of radiation 
and also to the energies of the light quanta. In the region mentioned, 
the wave number varies roughly between 300 and 3000 wavelengths per 

* Vibrations in which lengths of bonds containing a hydrogen atom are strongly 
affected often have frequencies slightly above the upper limit of this range. 
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centimeter, or, if the customary notation is used, between 300 cm.“^ 
and 3000 cm.""^. 

10.6 SELECTION RULES Though all vibrational and rotational 
frequencies absorb radiation, the difference in absorption for different 
kinds of motion is extremely great. Many vibrations or rotations absorb 
radiation so weakly as to be practically unobservable in the spectrum. 
The corresponding spectral lines are called forbidden lines. It is easy 
to understand the difference between an allowed and a forbidden vibra- 
tion by considering an example for each type. 

During the vibration of the HCl molecule a net displacement of 
charge accompanies the vibration, and so the molecule emits and ab- 
sorbs radiation just as strongly as an isolated vibrating charge would. 
This vibration is allowed and shows up in the infrared spectrum. 

In the vibration of the N 2 molecule, a displacement of charges again 
takes place, but no net displacement is produced by the vibration. In 
fact, every displacement of a charge on one end of the molecule is bal- 
anced by an opposite displacement of a like charge on the other end. 
These opposite displacements give rise to opposite values of radiated 
electric and magnetic fields, and the sum total of the field intensity in 
the radiation is zero. Thus no radiation is emitted, and it can also be 
shown that none is absorbed. The N 2 vibration is therefore forbidden 
in the infrared. 

Though it would appear from the previous paragraph that the vibra- 
tion of N 2 cannot give rise to any radiation, this statement is not abso- 
lutely correct. If it is taken into account that electric and magnetic 
fields are not established instantaneously but spread with the finite 
velocity of light, it is found that, by the time the electromagnetic effect 
produced by one end of the molecule spreads to the other end, the dis- 
placement at the other end has undergone a slight change of phase. 
Thus the cancellation of the effects of displacements at the opposite ends 
of the molecule is not complete. But the fraction of the electromagnetic 
field that is not canceled is very much smaller than the original field. 
The ratio is obtained if the linear dimension of the molecule is divided 
by the wavelength of the emitted radiation. This ratio is 10“^, and, 
since the intensity of emission and also the probability of absorption 
depend on the square of the field, the forbidden frequency may be ex- 
pected to appear with 10® times smaller intensity than an allowed fre- 
quency. 

It is easy to find a criterion distinguishing allowed frequencies like 
the vibration of HCl from forbidden frequencies like the vibration of 
N 2 . For our present purpose it is permissible to consider the molecule 
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as composed (1) of positive charges at the positions of the nuclei whose 
motion we shall think of as proceeding according to classical mechanics, 
and (2) of a negative-charge cloud corresponding to the probability 
distribution of the electrons which are described according to wave 
mechanics. When the configuration of the nuclei varies, the charge 
cloud of the electrons varies along with it. If in the course of a vibration 
or rotation the dipole moment of the whole system is changed, then the 
motion is accompanied by a net displacement of charge, and the cor- 
responding frequency is allowed. If, on the other hand, the dipole 
moment remains unchanged during the vibration, the transition is for- 
bidden. More specifically, the intensity with which the frequency of a 
molecular motion appears in the spectrum is proportional in very good 
approximation to the square of the change in dipole moment produced 
during the motion. 

The rule which distinguishes between allowed and forbidden fre- 
quencies is called the selection rule. The appearance of a forbidden 
frequency in a spectrum is called a violation of the selection rule. One 
instance of such a violation has been described for the vibration of the 
N 2 molecule. Schematically, the effects of the N 2 vibration can be rep- 
resented by the simultaneous vibration of two opposite dipoles. A 
charge distribution consisting of two opposite dipoles is called a quad- 
rupole, and the resulting weak radiation is a quadrupole radiation, in 
contrast to the usual dipole radiation. 

Selection rules may be violated for other reasons. For instance, 
while an N 2 molecule happens to be in a state of collision, its charge 
distribution may be sufficiently perturbed, so that complete cancella- 
tion of the dipoles produced by the vibration no longer occurs. It is 
clear that all selection rules which are based on the symmetry of molecules 
may be violated by collisions. But the resulting intensities remain small. 

10.7 THE PURE ROTATIONAL SPECTRUM If a rotational 
frequency appears by itself in the infrared, we talk about a pure rota- 
tional spectrum. The name serves to distinguish the pure rotational 
spectrum from the rotational structure of vibrational or electronic bands 
in which the rotational frequency is superposed on a vibrational or elec- 
tronic frequency. During a rotation the dipole moment of the system 
changes if the molecule possesses a permanent dipole moment. Change 
in direction of this dipole moment amounts to an oscillation of the 
charge, and the pure rotational frequency will be present in the spec- 
trum. If the molecule has no permanent dipole, no change of dipole 
moment can occur during rotation, and the pure rotational spectrum is 
absent. 
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Appearance of the classical rotational frequencies in the spectrum 
corresponds in the quantum theory of a linear molecule to transitions 
between neighboring rotational levels. The pure rotational spectrum 
will have a different appearance according to classical theory and accord- 
ing to quantum theory. In classical theory the rotation can have any 
frequency, and an assembly of molecules will give rise to a continuous 
spectrum. In quantum-theory transitions between states j = 0 1, 

j = 1 — > 2, j = 2 — > 3, etc., give rise to a discrete set of equidistant 
rotational lines. In fact, the formula for the rotational energy 10.4(2) 
gives for the energy difference of the jth. and (j + l)th levels 
h^(j + l)/47r^/, and this energy difference yields the frequency 
h(j + l)/47r^/. From the frequencies, the moment of inertia I may be 
obtained which in turn determines the internuclear distance. It may 
be noticed that the quantized frequencies h{j + l)/47r^7 correspond to 
the quantized angular momentum h{j + l)/27r. 

The intensities of the rotational lines are proportional to the square of 
the change in dipole moment occurring during a rotation. Since by 
rotation through 180° the permanent dipole moment is reversed, the 
total change amounts to twice the permanent dipole moment. Thus 
from intensity measurements in the pure rotational spectrum, the 
permanent dipole of a linear molecule may be obtained. But intensity 
measurements are difficult and usually not very accurate. Therefore 
this method of determining dipole moments is not a good one. 

The question arises whether transitions may occur between rotational 
states of a diatomic molecule which are not immediate neighbors. Such 
transitions would correspond in classical mechanics to overtones of the 
rotation, that is, to integral multiples of the rotational frequency. Such 
overtones are to be expected according to classical radiation theory 
whenever a motion is not purely harmonic. But the rotation of a linear 
molecule can be considered as the superposition of two purely harmonic 
oscillations which are 90° out of phase. Therefore overtones of the 
rotational frequency will not occur, and correspondingly no other tran- 
sitions than between neighboring rotational states must be expected for 
linear molecules. The more complete quantum theory of emission and 
absorption bears out this conclusion. 

The selection rule that for linear molecules only neighboring rotational 
states combine can be violated by collisions. In fact, collisions produce 
a nonuniformity in the classical rotational motion, and thus the rota- 
tion can no longer be obtained from pure harmonic motions. Since the 
rotation of molecules may be easily influenced by collisions, this viola- 
tion of the rotational selection rule may become important. It is inter- 
esting to note that in quantum theory the rotational selection rule is a 
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consequence of the symmetry of space, according to which all orienta- 
tions of a molecule in free space are equivalent. If the presence of a 
second molecule disturbs this symmetry, the selection rule ceases to 
operate. 

We can formulate the rotational selection rule for a linear molecule 
in another manner which brings out the more essential aspects of this 
^selection rule and which is capable of wide generalization. It has been 
noted that the angular momentum of the rotation can take on only 
integral multiples of /i/27r. The rule that only neighboring rotational 
states may combine means, therefore, that a transition can occur only 
between states whose angular momenta differ by one of the quantum 
units This latter formulation is the more general one since it 

brings out the connection between the selection rule and the angular 
momentum which is closely connected with the symmetry in regard to 
rotations. In fact, the angular momentum is a characteristic constant 
of the motion of a system as long as symmetry with respect to rotation 
prevails. 

Quadrupole transitions give rise to transitions between rotational 
levels which are second neighbors. In such transitions the angular 
momentum may change by two units h/2'K, Such transitions have a 
small intensity compared to dipole transitions. In nonlinear molecules 
a more complicated nature of the rotational spectra arises because the 
rotational axis may have any direction with respect to fixed axes in the 
molecule, and therefore the components of the angular momentum as 
well as its magnitude have a bearing on the rotational states and tran- 
sitions. This results in a much greater number of states than were found 
for a linear molecule, and the resulting rotational spectra consist of many 
lines arranged in a complex manner. The selection rule governing this 
spectrum requires that the total angular momentum and also any com- 
ponent of the angular momentum which is a definite multiple of lfi/2'K 
must not change by more than one of the units, It is, however, 

permitted that changes by ±:h/2w takes place or that no change occur. 

The complexity of the spectrum is particularly great for the asym- 
metric top molecules; as a rule all molecules fall into this class which 
possesses low rotational symmetry; in particular, no rotation smaller 
than 180° brings such a molecule back into a configuration similar to 
the original one. For instance, the water molecule which contains only 


a twofold axis 


(that is an axis about which rotation by 


360° 

2 


is required 


for performing a symmetry operation) passing through the oxygen atom 
and bisecting the H-O-H angle is an asymmetric top molecule. Its 
observed rotational lines are distributed all over the far infrared and 
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are still observable for as short a wavelength as about 10“^ cm. These 
weak rotational lines are quite important in influencing the weather by 
absorbing the infrared radiation issuing from the heated surface of the 
earth. This blanketing effect is the main factor in limiting the drop of 
temperature at night. 

The rotational spectrum of symmetrical top molecules is considerably 
simpler. These are molecules which have a higher axis of symmetry. 
An example is ammonia whose threefold axis reproduces the original 


atomic configuration by rotation through 


360 ^ 

3 


The pure rotational 


spectrum of such molecules is at first sight as simple as that of a linear 
molecule. But, according to theory, to each line in the spectrum of the 
linear molecule there should correspond a great number of closely spaced 
lines in the symmetric top molecule. 


10.8 VIBRATIONS IN THE INFRARED SPECTRUM As a 
general rule vibrations have from 10 to 100 times greater frequency 
than rotations. Their absorption lines lie in the more accessible part 
of the infrared, in the region between 300 and 3000 wave numbers, and 
the investigations of vibrations have been much more numerous than 
studies of pure rotational spectra. Owing to the considerably higher 
frequency of vibrations as compared to rotations, it is permissible in 
first approximation to think of the molecule as retaining a fixed direc- 
tion in space during the period of one vibration. Thus vibrations may 
be discussed independently from rotations. 

According to classical theory, harmonic vibrations may give rise to 
absorption and emission of radiation only if the frequencies of the 
radiation and of the mechanical motion are the same. In quantum 
theory the harmonic vibration has quantized energy levels of the mag- 
nitude (see section 10.2) 


E = hv(n + I) 10.8(1) 

where n is zero or a positive integer. We might expect perhaps that a 
transition may occur from any of these energy levels to any other energy 
level. But this would give rise to a multiplicity of energy changes and 
a corresponding multiplicity of possible emitted and absorbed frequen- 
cies, and thus quantum theory and classical theory would lead to essen- 
tially different results. The correspondence principle requires and the 
mathematical formalism of quantum mechanics confirms that in quan- 
tum theory as well as in classical theory the absorbed or emitted fre- 
quencies have the value v. This means in terms of the energy levels that 
the vibrational quantum number n must change from n to n + 1 during 
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an absorption process and from n to n — 1 during an emission. Then in 
each case the energy change is hv, according to formula 10.8(1), and the 
frequency of radiation is v. Thus we have obtained the vibrational 
selection rule that n may change only by ±1 in close analogy to the 
rotational selection rule mentioned in the previous section according to 
which a change in j must be ±1 in the pure rotational spectrum of a 
diatomic molecule. 

In a polyatomic molecule possessing several normal vibrations, only 
such a radiation frequency may be absorbed or emitted as agrees with 
the frequency of one normal vibration. This is due to the fact that 
normal vibrations proceed independently of one another. In quantum 
theory the energy levels can be written as a sum of expressions 
hviiui + I) where Vi is a frequency of the ^th normal vibration and n, is 
the quantum number of the same vibration. In order that the frequency 
of the absorbed or emitted radiation shall agree with one of the fre- 
quencies vij we must introduce the selection rule that in an infrared 
emission or absorption process only one of the quantum numbers Ui 
must change and that the change shall be either +1 or — 1. The vibra- 
tional selection rules stated in the last two paragraphs retain their 
validity only as long as the vibrations are strictly harmonic. Excep- 
tions from these rules are discussed in section 10.10. 

As an example we shall consider again the vibrations of the CO 2 
molecule. During the totally symmetrical vibration. Figure 10.3(1), 
the dipole moment does not change since in this vibration the molecular 
symmetry is preserved, and this symmetry is incompatible with a dipole 
moment. The nontotally symmetrical vibration which proceeds along 
the molecular axis. Figure 10.3(2), may produce a dipole moment. This 
can be seen most readily by attaching opposite charges to the carbon 
and oxygen atoms. Though such a model is certainly oversimplified, 
yet a vibration is not forbidden if any assumption consistent with the 
molecular symmetry leads to a finite change of the dipole moment dur- 
ing the vibration. By the same argument and the same model it can be 
shown that the degenerate CO 2 vibrations, Figure 10.3(3), may cause a 
change in dipole moment perpendicular to the molecular axis. Thus all 
nontotally symmetrical vibrations may appear in the infrared. Actu- 
ally two strong bands have been observed in the infrared at 650 wave 
numbers and 2300 wave numbers. Subsequent considerations will show 
that the smaller frequency belongs to the degenerate vibrations. 

10.9 THE VIBRATION-ROTATION SPECTRUM We shall con- 
sider a diatomic molecule vibrating and rotating at the same time. The 
vibration causes a change in dipole moment which may be represented 
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at each instant by a vector of the magnitude a sin 2tvJ lying in the 
direction of the molecular axis. Here a is the maximum change of the 
dipole moment, and is the vibrational frequency. We shall choose the 
plane in which the rotation proceeds as the xy plane of a co-ordinate 
system. Then the vibration may interact with radiation polarized in 
the X ov y direction. We shall consider the first of these two directions; 
light polarized in the y direction will behave in the same way. 

The emission and absorption of light polarized in the x direction is 
due to the x component of the vibrating dipole: a sin 2Trvvt cos <p where 
(p is the angle included by the instantaneous direction of the molecule 
and the x axis. The dependence of ip on time is described by ^ = 2'KVft 


P branch^ R branch 



p 


Fig. 10.9(1). Rotational structure of a vibrational line (Bjerrum double band). The 
structure shown is the one predicted by classical theory. 

where Vr is the rotational frequency. The complete expression for the 
X component of the vibrating electric moment can be written 

a 

a sin (27rPvt) cos (27rM) = - [sin 27r(pv + Vr)t + sin 2'k{v^ — Vr)t] 10.9(1) 

2 

The last expression shows that the oscillating dipole moment can be 
considered as the sum of two terms, the first varying with the frequency 
t'v + Vr; the second with the frequency Vv — Vr- Accordingly, we see 
that the pure vibrational frequency cannot be absorbed or emitted. 
The two frequencies v,, + Vr and — r, appear in the spectrum instead. 
Since the rotational frequency Vr is much smaller than the vibrational 
frequency v^, the two actual frequencies lie close to the pure vibrational 
frequency v^. It may also be observed that various molecules rotate 
with various frequencies Vr. Since each molecule emits a pair of lines, 
a continuum of frequencies appears instead of the single vibrational 
frequency. The shape of the rotational structure is shown in Fig- 
ure 10.9(1), in which the intensity is plotted as a function of the fre- 
quency. The center of the figure corresponds to the pure vibrational 
frequency k®. For this frequency the intensity vanishes. Toward 
shorter wavelength, one finds the continuum of frequencies + Vr 
constituting the so-called R branch, whereas toward longer wavelengths 
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the frequencies Vv — Vr form the P branch. The whole structure has 
the appearance of a double band in the spectrum which carries the name 
Bjerrum double band. The intensity distribution in both the P and R 
branches of the double band is due to the distribution of rotational 
velocities of the molecules. This distribution resembles to some extent 
the usual Maxwellian velocity distribution.* The separation of the 
two maxima depends on the average rotational frequency, and so with 
increasing temperature the maxima recede from each other. From this 
distance the moment of inertia of the molecule may be evaluated. But 
actually the breadth of the maximum makes this determination of the 
moment of inertia inaccurate. 

If a Bjerrum double band is observed under higher dispersion, it is 
seen to break up into a series of rotational lines. This is due to the 
quantization of rotation. As has been stated in section 10.7, the rota- 
tional frequencies of a diatomic molecule can possess only the discrete 
set of values Vr = h(j + l)/47r^7 where the integer j is the rotational 
quantum number, and I is the moment of inertia of the molecule. Thus 
the frequencies + Vr of the R branch and also the frequencies — Vr 
of the P branch form an equidistant set of lines. The lines of the R and 
P branches are produced when in addition to the change of vibrational 
quantum number, a change in rotational quantum number by d=l 
occurs. The absence of the pure vibrational frequency means that a 
change in vibrational quantum number never occurs without an accom- 
panying change in the rotational quantum number. From the positions 
of the rotational lines, the moment of inertia I may be determined with 
considerable accuracy. It is experimentally much easier to study the 
vibration-rotation structure than to measure the pure rotation struc- 
ture which lies in the far infrared. 

If in a polyatomic molecule all atoms lie in a straight line and if in a 
normal vibration the dipole moment oscillates along the molecular 
axis, then the rotational structure will be the same as for a diatomic 
molecule. The conditions just mentioned are satisfied for the non- 
symmetrical vibration of CO 2 shown in Figure 10.3(2). But linear 
molecules have other infrared-active vibrations in which the vibrating 
dipole is perpendicular to the molecular axis. An example is the de- 
generate CO 2 vibration shown in Figure 10.3(3). The rotational struc- 
ture of this vibration differs from that of a diatomic molecule. For such 

* It is actually a Maxwellian velocity distribution corresponding to the motion 
of a particle restrained to move in two rather than in three dimensions. The reason 
for this is that in enumerating all possible rotations of the molecule we must consider 
the possible motions of one of the nuclei in a plane perpendicular to the molecular 
axis. 
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a vibration the vibrating dipole may be parallel to the axis around which 
the molecule rotates, in which case the vibrating dipole moment is un- 
affected by the rotation so that the pure vibrational frequency appears 
in the spectrum. It may happen with equal probability that the vibrat- 
ing dipole moment while still remaining perpendicular to the molecular 
axis is also perpendicular to the axis of rotation. In this case the rota- 
tion affects the vibrating dipole in the same way as has been described 
in connection with a diatomic molecule, and the frequencies + Vr and 
Vy — Vr appear. If the oscillating dipole includes an arbitrary angle with 
the axis of rotation, the dipole still can be decomposed into a component 
parallel to the axis of rotation and into a component perpendicular to 
the axis of rotation. The former gives rise to the frequency the 
latter to the pair of frequencies — Vr and v>o + Vr. The rotational 
structure of a vibration with the dipole moment oscillating at right 
angles to the molecular axis will consist of a line of frequency Vv which 
contains half the intensity of the whole rotational structure and is 
called the Q branch, while the remaining intensity is distributed be- 
tween P and R branches in a similar way as in a diatomic molecule. 
Thus there is a distinct difference between the rotational structure of a 
so-called parallel band in which the dipole moment vibrates along the 
molecular axis and a perpendicular band in which the change of dipole 
moment is perpendicular to the same axis. 

In quantum theory the presence of a rotational structure with P, P, and 
Q branches means that a change of rotational quantum number by rt 1 
and also by 0 may accompany the change in vibrational quantum number. 

In CO 2 a typical Bjerrum double band appears with the center at 
2300 wave numbers, showing that the corresponding vibration proceeds 
along the molecular axis whereas the band around 650 cm.“^ possesses 
the additional sharp Q branch, indicating that this vibration is of the 
perpendicular type. AVe see that a study of the rotational structure 
serves not only to determine the moment of inertia but also to decide 
the correlation between observed frequencies and theoretical vibra- 
tional forms. 

Only in a few polyatomic molecules is the rotational structure as 
simple as described in the preceding paragraphs. In most cases all 
nuclear equilibrium positions do not lie on a straight line, and then the 
rotational structure is much more involved. But it is nevertheless pos- 
sible to obtain information about the moments of inertia and the vibra- 
tional forms by a more detailed analysis of the rotational structure. 

10.10 VALENCE AND DEFORMATION VIBRATIONS Investi- 
gation of the vibrational frequencies by measurements in the infrared 



210 MOLECULAR VIBRATIONS 

as well as by other methods has led to empirical relationships connecting 
the structure of a molecule, its vibrational frequencies, and the form of 
the corresponding vibrations. These rules are formulated in terms of 
the atoms participating in a vibration and in terms of the directions in 
which these atoms are displaced. It should be stressed in this connec- 
tion that in general every atom participates in every normal vibration 
except when symmetry requires that the atom be at rest. However, in cer- 
tain vibrations some atoms move much more strongly than other atoms, 
and moreover certain directions of motion may be strongly preferred. 

It is an ill-defined but useful rule that in one normal vibration those 
displacements occur predominantly which, taken by themselves, that 
is, without other displacements being considered, would give rise to 
similar frequencies. There are two factors which cause a frequency to 
be high: the small mass of the atoms participating and the high value 
of the restoring force. Experience has shown that in accordance with 
chemical intuition restoring forces are great if the distance of atoms 
bound together by a chemical bond is altered; much smaller restoring 
forces arise if merely valence angles are changed. We may conclude 
that in high-frequency vibrations valence distances change. These are 
the valence vibrations. In low-frequency vibrations valence angles 
change; these are the deformation vibrations. 

We can refine the previous statements, and we must also find the 
limitations of these qualitative rules. The valence forces are greater 
for double bonds and even greater for triple bonds. The influence of 
mass is still more important. Thus a hydrogen- valence vibration has so 
high a frequency as to be practically not coupled with any other motion 
within the molecule. Even the atom to which the hydrogen is directly 
linked participates but little in the vibration. Hydrogen has a valence 
frequency of 3000 cm.“^ if linked to a carbon atom. In the N-H and 
0-H groups the hydrogen-valence frequency is 3300 cm.“^ and 3600 
cm."”^, respectively. These values vary to some extent from molecule 
to molecule. 

On the other hand, hydrogen-deformation vibrations have about the 
same frequencies as carbon-valence vibrations (about 1000 cm.”^), 
and therefore in many hydrocarbons it is impossible to decide whether a 
vibration is due to change of valence angle of a C-H bond or to change 
of length of a C~C bond. The failure to classify such vibrations as 
belonging to one or the other type is due not merely to a scarcity of 
information but also to the fact that the two kinds of displacements 
strongly participate in the same normal vibration. 

In CO 2 the two nondegenerate vibrations which proceed along the 
molecular axis are valence vibrations, whereas the degenerate vibration is 
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a deformation vibration. In this case as in all linear molecules the dis- 
tinction is sharp since it is based on symmetry arguments rather than 
on empirical rules. From the general statements just made, we may 
be led to suspect that from the two vibrations observed in the infrared 
the high one at 2300 wave numbers is the valence vibration, while the 
low one at 650 wave numbers is a deformation vibration. Study of the 
rotational structure has led to the same conclusion. The remaining 
valence vibration is the totally symmetrical vibration. Its frequency as 
will be seen later is 1300 wave numbers. 

10.11 EFFECTS OF ANHARMONICITY By the statement that 
the oscillation of a molecule is purely harmonic we mean two things: 
(1) that the forces are proportional to the displacement of the nuclei, 
and (2) that all displacements of electric charges are proportional to the 
displacement of the nuclei. One consequence of the first statement is 
that no change of frequency occurs if the amplitude of the vibration 
changes. A further consequence of the same statement is that the dis- 
placements of the oscillating nuclei vary sinusoidally with time. How- 
ever, a purely harmonic (that is sinusoidal) motion of the charge dis- 
placements follows from this only if the displacement of charges is pro- 
portional to the displacement of nuclei. In the present discussion we 
are interested only in changes of dipole moment during the vibration. 
Therefore we shall consider a vibration harmonic if proportionality 
exists between nuclear displacements and the resulting changes of dipole 
moments as well as between nuclear displacements and restoring forces. 

Anharmonicity, that is lack of harmonicity, may accordingly be due 
to two things. First, the proportionality between nuclear displacements 
and restoring forces may not be satisfied. In tliis case we talk about 
mechanical anharmonicity. Or deviations may exist from the propor- 
tionality between nuclear displacements and the accompanying changes 
of the dipole moment. In this case there exists an electrical anhar- 
monicity. 

In practice, the concept of harmonicity is used only if the propor- 
tionalities mentioned are approximately satisfied and if the devia- 
tions from these proportionalities may be treated as small perturba- 
tions. In molecules of sufficiently rigid structure, displacements from 
the equilibrium positions are usually small compared to interatomic 
distances. For these relatively small amplitudes it is justifiable to 
assume in first approximation both the proportionalities mentioned. 
There will be, of course, quadratic and higher terms both in the depend- 
ence of the dipole moment on nuclear displacement and in the depend- 
ence of the restoring forces on nuclear displacement. But these ^^an- 
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hannonic^^ terms will as a general rule be smaller than the linear or 
harmonic terms, the ratio of the two being of the same order of magni- 
tude as the ratio of nuclear displacements to internuclear distances. 
This consideration suggests that, in general, mechanical and electrical 
anharmonicities are about equally important, though in a special case 
one of the two may be considerably greater than the other. 

The simplicity of a harmonic oscillation manifests itself in two ways: 
(1) The frequency is independent of the amplitude, and (2) the purely 
sinusoidal motion of the charges causes the appearance of fundamental 
tones only when overtones are absent. We shall first consider the 
theory of the overtones in classical physics. 

If an oscillation is merely periodical without being sinusoidal in time, 
then the actual change of dipole moment can be represented as a sum 
of purely sinusoidal changes, "there will be one term, the frequency of 
which is the same as the frequency of the oscillation. In another term 
the frequency is twice as great, in a third term three times as great, and 
so on. Of course, after the time 1/r, each of the teims will have regained 
its original value since this time is equal to the period of the first term, 
twice the period of the second, and so on. Thus 1/vis the period of the 
composite motion. It can be shown that this decomposition of a periodic 
motion into a sum of sinusoidal motions is always possible. This de- 
composition is called Fourier analysis, and the resulting sum is the 
Fourier series. 

In classical radiation theory, absorption and emission of radiation 
are closely connected with the Fourier series describing the dependence 
of the dipole moment on time. The lowest frequency absorbed or 
emitted is v, and the intensity of the process is proportional to the square 
of the amplitude of the term in the Fourier series with the frequency v 
(that is, the first term). This radiation is said to have the fundamental 
frequency of the motion and is called the fundamental tone or first 
harmonic. A frequency 2v is likewise emitted or absorbed, and the in- 
tensity of this process is proportional to the square of the amplitude of 
the second term in the Fourier series. The corresponding radiation is 
often called the second harmonic or first overtone. Similarly the fre- 
quency 3v is due to the third term in the Fourier series and is called the 
third harmonic or the second overtone. 

Mechanical anharmonicity may manifest itself by a change of fre- 
quency with amplitude and also by the appearance of overtones. The 
latter effect may arise, since mechanical anharmonicity modifies the 
purely sinusoidal motion of the nuclei and may cause therefore a devia- 
tion from the sinusoidal variation of the dipole moment. But the con- 
nection between nuclear displacement and change of dipole moment is 
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influenced by the electrical anharmonicity, and the appearance and 
intensity of overtones depend therefore both on the mechanical and 
electrical anharmonicity. 

The frequency may either increase or decrease with increasing ampli- 
tude of the vibration. The latter behavior is to be expected if the poten- 
tial energy plotted against the internuclear separation flattens out at 
great values of the nuclear displacement. In the flat parts of the curve 
the forces acting on the nuclei are small, and the time required for the 
motion through this part of the curve is longer than in case of a har- 
monic motion. Thus the vibration becomes increasingly slower as it 
extends into the region of greater nuclear amplitude. Since all diatomic 
molecules finally dissociate at great internuclear distances, the curve 
representing the potential energy must eventually become flat. It fol- 
lows that in diatomic molecules the vibrational frequencies become very 
small for vibrations of high amplitudes. As a rule vibrations of moder- 
ate amplitudes already tend to have longer periods than the purely 
harmonic vibration that obtains for infinitesimal amplitudes. It occurs 
only as a rare exception that the frequency of a diatomic molecule in- 
creases with increasing amplitudes before the decrease at high ampli- 
tudes sets in. 

We can obtain a rough estimate of the difference between the frequency 
of a finite amplitude vibration and that of the idealized infinitesimal 
vibration. This frequency difference is smaller than the vibrational 
frequency by approximately the square of the ratio between the nuclear 
displacement and the internuclear distance. The intensity of the first 
overtone or second harmonic is smaller than the intensity of the funda- 
mental tone or first harmonic by approximately the square ^ of the 
same ratio. In many practical cases the first overtone has 100 to 
1000 times smaller intensity than the fundamental tone, and the 
frequency change between a one-quantum and two-quantum vibration 
is approximately 100 times smaller than the frequency of the harmonic 
motion. 

In a polyatomic molecule anharmonicity produces, in addition to the 
effects mentioned, a coupling between the various normal vibrations. 
The frequency of a normal vibration will be affected not only by its own 
amplitude but also by the amplitudes of other normal vibrations as well. 
Also sums and differences of frequencies of two or more normal vibra- 
tions may appear. These are combination tones. Usually all these 
effects are as small as those discussed for a simple vibration. But, if the 
frequency of a normal vibration happens to be nearly equal to one-half 
the frequency of another normal vibration or if the sum of the frequen- 
cies of two normal vibrations is nearly equal to the frequency of a third 
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normal vibration, resonance effects occur which may greatly enhance the 
importance of anharmonicity. 

Anharmonicity manifests itself in quantum theory, just as in classical 
theory, in two ways. Corresponding to a change of frequency with 
amplitude, we find a change in the spacing of vibrational levels. Thus, 
an increase of vibrational energy and vibrational amplitude is accom- 
panied by a change of the separation of neighboring levels and also by 
a change of the frequency associated with the vibration. If, as is usual, 
the frequency decreases with increasing amplitude, the spacing of vibra- 
tional levels decreases with increasing energy. If for high amplitudes 
the vibrational frequency tends towards zero, the spacing of levels also 
becomes vanishingly small. Such a convergence of vibrational levels 
occurs of course only for high-vibrational quanta which are practically 
never attained in the infrared spectrum. But the convergence has been 
observed often in connection with the electronic transitions in molecules 
and may be used to determine dissociation energies (see section 11.11). 

The presence of overtones and combination tones is the second mani- 
festation of anharmonicity in the classical theory. A corresponding 
phenomenon in the quantum theory is the appearance of transitions 
between vibrational levels that are not immediate neighbors. Transi- 
tions between second neighbors appear first while combinations between 
farther neighbors are increasingly less likely. If the vibrational levels 
were equidistant, the transitional frequency between second neighbors 
would be exactly twice the frequency of transition between first neigh- 
bors, so that a transition between second neighbors would have exactly 
the same frequency as the second harmonic has in classical theory. 
Actually the spacing of the levels is not quite uniform, and, though the 
transition between second neighbors is the equivalent of a second har- 
monic, it does not have exactly twice the frequency of the first harmonic. 

In polyatomic molecules simultaneous changes of quantum numbers 
of more than one normal vibration may occur. This gives rise to the 
appearance of sums and differences of the frequencies of two and, with 
weaker intensity, of several normal vibrations. But in quantum theory 
as well as in classical theory, all these combination tones and the over- 
tones mentioned in the previous paragraph have small intensities as 
compared to the intensities of the ground tones. 

If the molecule possesses symmetries, then only some of the over- 
tones and combination tones appear in the infrared spectrum. We may 
consider for example the antis 3 anmetrical vibration of CO 2 in which all 
atoms move along the molecular axis [see Figure 10.3(2)]. It was stated 
that the frequency of this vibration (more specifically the fundamental 
tone of this vibration) appears in the infrared spectrum. We can show 
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that, in addition, the third, fifth, and so on, harmonics appear while the 
second, fourth, and so on, harmonics are forbidden by the symmetry of 
the molecule. 

It may happen that a fundamental tone and an overtone or combina- 
tion tone have comparable intensities, either because the fundamental 
tone happens to be associated with an unusually small change of dipole 
moment and appears therefore with rather small intensity, or because 
the intensity of the overtone or combination tone is enhanced by res- 
onance. The latter occurs if twice the frequency of one normal vibra- 
tion is nearly equal to the frequency of another one. Then the two- 
quantum state of the first vibration (ni = 2, n2 = 0) has nearly the 
same energy as the one-quantum state of the second vibration (ui = 0, 
na = 1). 

For actual occurrence of resonance it is further necessary that the 
anharmonic terms in the potential energy (that is, the terms increasing 
more than quadratically with the nuclear displacements) should not be 
small compared to the energy difference of the two close lying levels. In 
fact, it is required that anharmonic terms of a certain kind shall be 
present which couple the two normal vibrations with each other. If 
such coupling terms are permitted by symmetry and if they do not 
happen to be too small, two new mixed states will appear instead of the 
simple states, ni = 2, ^2 = 0, and ni = 0, ^2 = 1. These mixed states 
are then displaced toward high and low energies from the common posi- 
tion of the two original levels. The displacement divided by the original 
frequency is roughly proportional to the first power of the ratio between 
vibrational amplitude and interatomic distance so that the effect is con- 
siderably greater than the usual change produced by the anharmonicity 
(which is proportional to the square of the same ratio). Both mixed 
levels partake of the properties of both of the original quantum states; 
if a strong transition to one of the original states is possible, then strong 
transitions to both mixed states will occur. For instance, the transition 
from the ground state ni = 0, % = 0 to the state rii = 0, ^2 = 1 might 
be permitted as a ground tone, whereas the transition from the ground 
state to ni = 2, ^2 = 0 may have at best the intensity of an overtone. 
Then transitions from the ground state to the two mixed states will both 
appear with strong intensities. 

The same kind of resonance may occur if the sum of two frequencies 
are nearly equal to a third frequency. In this case the levels (rii = 1, 
^2 = 1, ^3 = 0) and (ni = 0, ^2 = 0, ns = 1) may interact. Such 
interaction apparently occurs in CCI4. The vibration of the carbon atom 
against the chlorine tetrahedron has a frequency of 750 cm.””^ Instead 
of this single frequency, a doublet is observed. This is due to the fact 
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that the 750 cm.“^ vibration resonates with the sum of two other fre- 
quencies which have the values 450 cm.""^ and 300 cm.“^ It should be 
added that this quantum effect is simpler than the corresponding classi- 
cal effect. The quantum treatment becomes involved only if resonances 
between higher quantum states are taken into account. 

The resonances mentioned are sometimes called accidental degen- 
•eracies. Their presence may complicate infrared spectra and may lead 
to false conclusions by giving to overtones the appearance of ground 
tones. A reliable analysis of infrared spectrum requires consideration of 
all the available frequencies, of the symmetry properties, and, if possible, 
of the specific heats and the Raman spectrum. 

10.12 INFRARED SPECTRA IN SOLIDS, LIQUIDS, AND SOLU- 
TIONS When a molecule is closely surrounded by others as is the 
case in solutions, liquids, or solids, its vibrations as well as its electrical 
dipole are changed so that its infrared spectrum is modified. If the 
intermolecular forces are small as compared to the forces holding the 
molecule together, the vibrations depending primarily on the latter 
forces remain essentially unchanged. The molecular rotation, however, 
will be almost always strongly influenced. With the exception of cases 
of so-called free rotation (which in reality is never quite free in the con- 
densed phase) the rotational motion is actually transformed into a vibra- 
tion about an equilibrium orientation. In solids this orientation is fixed 
in space, whereas in liquids the vibration is aperiodic, and the orienta- 
tion executes a ‘^Brownian^^ motion. The translation of the molecules 
is likewise transformed into a vibration or Brownian motion. In solids 
and in many liquids all degrees of freedom of a molecule may be con- 
sidered as vibrational. For instance, in water and in ice rotation and 
translation are replaced by vibrations having roughly the frequencies of 
500 and 160 cm.“^ 

The change of rotation into vibration replaces the pure rotational 
spectrum by frequencies corresponding to a faster oscillatory motion. 
At the same time the rotational structure of the internal molecular 
vibrations is effectively eliminated. This structure contained sums and 
differences of vibrational and rotational frequencies. Instead of this 
structure we now have combination tones between internal vibrations 
and the orientational vibrations which have replaced rotation in the 
liquid, solid, or solution. But these combination tones have as usual a 
small intensity compared to the fundamental tones, so that the strongest 
absorptions in the spectra correspond to simple vibrations. The 
disappearance of rotational structure gives rise to a narrowing 
down of the absorption region which belongs to vibration. This 
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effect is, however, often overcompensated by the one mentioned in 
the next paragraph. 

The internal vibrations are never completely uninfluenced by the 
neighboring molecules. If a molecule is in a disordered surrounding 
(liquid or solution), the internal frequencies will be affected differently 
according to the changing surroundings. For this reason the frequencies 
are broadened as well as shifted. Strong broadening effect is to be ex- 
pected if the interaction between molecules is great, as is the case in 
strongly polar liquids. The various vibrations will of course be broad- 
ened to different extents. The greatest broadening would be expected 
for translational or rotational vibrations, whereas the proper internal 
vibrations are usually less affected. 

The over-all displacement of a vibrational frequency may be in either 
direction, but a lowering of the frequency is the rule. This may be 
made plausible in the following way. Electronic states in molecules 
adjust themselves to give the lowest energy and therefore the strongest 
possible binding. If molecules in the condensed phase attract each 
other, the total energy of the system is lowered, but at the same time 
the electronic configuration of the molecule is so modified as to give no 
longer so great a bond strength within the individual molecule. Con- 
currently, a lowering of the frequency may be expected. 

The influence of neighboring molecules also affects the intensities of 
infrared transitions. If a symmetrical molecule is placed in unsymmetri- 
cal surroundings, the symmetry reasons for the absence of a frequency 
from the infrared spectrum are no longer strictly valid. Thus vibra- 
tions appear which are forbidden in the gaseous state. At the same time 
the magnitude of the dipole-moment change in an allowed vibration 
may be different in the condensed phase from what it is for the isolated 
molecule. It is of interest to consider a hypothetical example. Let the 
contribution of the intermoleciilar forces to the vibrating dipole be 
approximately one tenth of what we choose to call a normal dipole- 
moment change for an allowed vibration. Then the amplitude of a 
vibrating dipole is changed from 1.0 to 1.1 and the intensity from 1.0 to 
1.21, that is, by 21 per cent. If, on the other hand, the vibrating dipole 
of 0.1 strength is induced in a forbidden transition whose original 
vibrating dipole is zero, the resulting intensity is 0.01, that is, 1 per cent 
of the intensity in an allowed transition. Thus it is seen that compara- 
tively great changes of intensity in allowed transitions are compatible 
with relatively faint appearance of forbidden vibrations. Frequently 
the arrangement of the surrounding molecules will accommodate 
itself to a lesser or greater extent to the symmetry of the molecule 
under consideration, and then the intensity with which a forbidden 
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transition appears in the condensed phase may be very small or even 
zero. 

Although in liquids and solutions it has not been possible to take into 
account the effect of neighboring molecules on the spectrum in other 
than a qualitative way, a quantitative treatment of these effects is pos- 
sible in crystals. In fact, crystals can be considered as giant molecules, 
and we may discuss mathematically the normal vibrations of the crystal 
as a whole. If a crystal consists of N atoms there will be SN degrees of 
freedom, and, as N goes to infinity, the normal vibrations of the crystal 
will cover a continuum and often several continua. The quantitative 
treatment of these vibrations is made possible by the crystal symmetry. 
This allows the simplifying assumption that, for each normal vibration 
of the crystal, the vibrations in different cells differ from each other only 
in phase. Furthermore, if the cells are numbered systematically by 
three indices corresponding to their three-dimensional arrangement, 
then the vibrational phases in different cells can be represented by a 
linear function of the indices characterizing the cell.* A normal vibra- 
tion of a crystal is then characterized by the form of vibration within 
one cell and by the linear function determining the phase relation be- 
tween the cells. 

For every crystal there exist vibrations where the motion mainly con- 
sists in the displacement of cells with respect to each other. These are 
essentially elastic vibrations and are known as the acoustical branch, 
because the vibrations produced by sound in the solid belong to this 
continuum of frequencies. 

If each cell consists of one atom only, then the acoustical branch com- 
prises all the vibrations of the crystals. If, however, there is more than 
one atom in a cell, there will be further branches in which the main 
vibrations consist of the relative motion of atoms within one cell. Since 
some of the vibrations of these further branches appear in the infrared 
spectrum, they are often referred to as optical branches. In molecular 
crystals such vibrations may closely resemble vibrations of isolated 
molecules; however, all molecules in the crystal will participate with the 
same amplitude and with regular phase shifts. The frequency too will 
not differ greatly from the frequency of an isolated molecule and will 
not be strongly affected by the phase shifts between neighboring mole- 
cules. Thus all frequencies within the branch lie in a narrow region. 

The frequencies within a branch are more strongly influenced by the 
phase relation between cells whenever the main vibration does not take 

* This is in close mathematical analogy to the properties of the wave function 
of an electron moving in a periodic field. The vibrational phase corresponds to the 
exponent in the complex factor appearing in the electronic wave function. 
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place within isolated atom groups or molecules. As an example we may 
consider the sodium chloride crystal whose elementary cell consists of 
a sodium and a chlorine atom. A vibration of these two against each 
other involves equally important displacements of each of the atoms 
against atoms in neighboring cells, and the frequency will greatly depend 
on the phase relations. In this case the optical branch covers a greater 
spectral region. 

From the whole continuum of crystal vibrations only a very few may 
appear in the infrared spectrum as strong fundamental tones. The 
translational symmetry of the crystal requires that in an infrared- 
active vibration all crystal cells shall vibrate in the same phase;* 
otherwise the effects of the various vibrating cells would destroy each 
other by interference. Thus, at the most, one vibration of each branch 
may appear in the infrared. The acoustical branch never contributes 
to the fundamental tones appearing in the infrared. In this case equal 
phase in all cells means a simple translation of the whole crystal. Thus, 
if each cell contains only one atom, no fundamental tone is to be ex- 
pected at all in the infrared spectrum. In more complicated crystals 
fundamental tones do appear and should, according to the simplified 
theory given here, be sharp lines. Their sharpness is due not to lack 
of interaction between the constituents of the crystal but to their per- 
fectly ordered positions and regular vibrational motions. 

A study of the infrared spectra of solids yields direct information 
about the direction in which a change of dipole moment occurs during a 
vibration. In the gas an analysis of the rotational structure is neces- 
sary to obtain this information. In crystals it is merely necessary to 
observe the dependence of the absorption strength on the relative 
orientation of the crystal and the direction in which the incident beam 
is polarized. 

Although among the fundamental tones only a discrete set can appear 
in the infrared spectrum, there is to be expected a continuum of the 
weaker overtones and combination tones. This is due to the fact that 
for the appearance of overtones and combination tones it is only re- 
quired that the phase differences in the combining vibrations be related 
to each other in a certain manner, and it is not necessary that, in the 
individual normal vibrations, the vibrations of all cells shall proceed in 
the same phase. The importance of overtones and combination tones is 
enhanced by the fact that under the usual experimental conditions there 
is more absorbing material in a crystal specimen than in the chamber 

* In a strict sense this statement would be true only if the infrared radiation had 
an infinite wavelength. The fact that the wavelength though long compared to the 
lattice distance is nevertheless finite necessitates an insignificant modification. 
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containing an absorbing gas so that weak absorption is more easily 
observed. 

10.13 SCATTERING OF LIGHT The scattering of light by atoms 
and molecules is due almost exclusively to the electronic displacements 
under the influence of the incident electrical vector. This displacement is 
governed by the polarizability which is essentially a property of the 
ground state of atoms and molecules. Furthermore one specific kind of 
scattering, the Raman effect, affords a method which is fully as important 
as the analysis of infrared spectra for studying molecular vibrations. 
Experimentally the investigation of light scattering is simpler than 
work in the infrared, and thus the Raman effect has yielded more mate- 
rial about molecular vibrations than any other method. 

The process of light scattering is the following. The incident electric 
vibration induces a dipole in the atom or molecule. This dipole vibrates 
with the same frequency as the incident radiation. The vibrating 
dipole emits in turn electromagnetic waves, and these are the scattered 
radiation. It may be seen that this mechanism of scattering changes 
only the direction of propagation of the light and not its frequency. 

The intensity of the scattered light depends on the polarizability of 
the scattering particles, and it is possible to measure the magnitude of 
the polarizability by determining the scattered intensity. We have 
seen, however, in section 5.1 1 that the polarizability is not characterized 
by a simple number but rather by a tensor. This tensor may be repre- 
sented by an ellipsoid whose longest axis coincides with the direction of 
greatest polarizability and the shortest axis with the direction of least 
polarizability. The total intensity of scattering depends on the mean 
value of the polarizability which is the same quantity that appears in 
the formula for the dielectric constant. 

Additional information may be derived from the scattering of light 
by a more detailed investigation of the orientation of the electrical vec- 
tor in the scattered radiation. We shall assume first that the polariz- 
ability of the scattering particle is spherical. This means according to 
our previous discussion, section 5.11, that the inducing electric force 
and the induced dipole moment are always parallel to each other and 
that the proportionality constant between these two vectors does not 
depend on the orientation of the electric force with respect to the scat- 
tering particle. These assumptions are fulfilled for a rare-gas atom or 
for a molecule of cubic symmetry such as CH4, CCI4, or SFe. We 
assume that the incident radiation is linearly polarized. This means 
that the electrical vector has a fixed orientation. We shall choose its 
direction as the x axis. Since we assumed that the polarizability of the 
scattering particle is spherical, the induced dipole moment also vibrates 
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in the x direction. If the scattered radiation is observed, its electrical 
vector still will point in the x direction; that is, it will still be completely 
polarized. 

Let us assume on the other hand that the polarizability of the scat- 
tering particle is anisotropic. Then the induced dipole moment is not 
parallel to the incident electrical vector but deviates from it by tending 
to be oriented in a direction of greater polarizability. Thus, if the inci- 
dent electrical vector is again parallel to the x direction, the induced 
dipole moment points in general in a different direction. If light scat- 
tered in the z direction is observed, then the scattered radiation will 
have X and y components. The magnitude and even the sign of the y 
component depend on the orientation of the scattering particle. If light 
is scattered by an assembly of randomly oriented molecules with aniso- 
tropic polarizability, the scattered radiation is not completely polarized. 
In this way it can be decided whether or not the polarizability of the 
scattering particles is spherical or whether it has a certain anisotropy. 

A quantitative measure of the anisotropy may be obtained by meas- 
uring separately the intensity of the radiation scattered in the z direc- 
tion having an electrical vector parallel to the y direction and the radia- 
tion scattered in the same direction but with an electrical vector parallel 
to the X direction (that is, the direction of the electrical vector in the 
incident radiation). The ratio of these two intensities is known as the 
depolarization factor. If no anisotropy is present, the scattered elec- 
trical vector has no y component, and the depolarization factor is zero. 
The most anisotropic polarizability a molecule can possess is one where 
along one axis the polarizability is very great compared to the polariz- 
abilities in any direction perpendicular to that axis. In this limiting 
case, the depolarization factor approaches the value J. 

Though a measurement of the depolarization factor does not suffice 
to determine all components of the polarizability ellipsoid, it gives never- 
theless a good idea of the deviation of the polarizability ellipsoid from a 
sphere. Conversely, we can give a quantitative expression for the de- 
polarization factor in terms of the components of the polarizability ten- 
sor. In practice, depolarization factors lie usually rather closer to their 
lower-limit zero than to their upper-limit A large depolarization 
factor indicates a markedly elongated or else a very flat molecule. 
Double bonds and particularly a system of conjugated double bonds 
lying in the direction or directions of greatest length within the molecule 
contribute to a large depolarization factor. 

10.14 THE RAMAN EFFECT If light is scattered by a vibrating 
molecule, not all of the scattered radiation has the same frequency as 
the incident light. There appear in the scattering additional frequencies 
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which contain the frequency of the vibration. This effect was predicted 
theoretically; it is named after Raman who first succeeded in finding it. 
Its great importance lies in the fact that, by measurements in the readily 
accessible spectral regions of the visible and near ultraviolet, values of 
molecular frequencies may be obtained. 

A superposition of the vibrational frequencies on the frequency of the 
incident light can be explained with the help of a simple classical model. 
We write for the incident electrical vector 

E = Ea sin 2Tvit 10.14(1) 

Here Ea is the amplitude of the vibrating electrical vector, and vi is the 
frequency of the incident light. The induced dipole moment is then 
given by the expression, 


D = aEa sin 2Tvit 10.14(2) 

We now assume that during the molecular vibration which proceeds 
with the frequency the polarizability a suffers a small change having 
the same frequency, 

a = ao + ai sin 27rvnit 10.14(3) 

Substituting equations 10.14(3) into 10.14(2), we obtain 

Z) = [ao + Oil sin 2Trvmt\Ea sin 2Trvi 10.14(4) 

= aoEa sin 2Trvit + |aiJ&a[cos 2Tr{vi — Vm)t — cos 2t{vi + Vm)t] 

The first term on the right-hand side gives rise to scattered radiation of 
the unchanged frequency vi. This constitutes the main part of the scat- 
tering and is called the Rayleigh scattering. The second term is much 
smaller because the polarizability varies only by a small fraction during 
the vibration. This term gives rise to the sum and difference tones of 
the light frequency vi and the molecular frequency 

The intensity ratio of the Raman scattering and the Rayleigh scatter- 
ing may be roughly estimated as follows. A usual small-amplitude vibra- 
tion may be assumed to produce a fractional change in the polarizability 
which is of the same order of magnitude as the ratio between vibrational 
amplitude and the distance of the atoms in the molecule. This ratio 
ai/ao is also the same as the ratio of the amplitudes of the electrical vec- 
tors in the Raman and Rayleigh radiation. The ratio of the intensity 
of these two scattered radiations is then approximately given by the 
square of the ratio of the vibrational amplitude and the interatomic dis- 
tance. As a rule, the Raman scattering in a gas is from 100 to 10,000 
times weaker than the Rayleigh scattering. 
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According to formula 10.14(4) the two frequencies, vi — Vm and 
VI + Vmj should appear with equal intensity. This prediction is not 
verified by experiment. The frequency, vi — Vmy appears almost always 
with greater intensity, often with considerably greater intensity. This 
line conforms to Stokes^ rule for fluorescent radiation, according to 
which the fluorescent light has a lower frequency than the original radia- 
tion. Accordingly, the line vi — Vm is called the Stokes line while the 
line VI + Vm is the anti-Stokes line. 

The quantum explanation of the Raman effect makes it clear why 
these two lines differ in intensity. According to the original rough form- 
ulation of this argument, the light quantum hvi may be absorbed by the 
molecule even if the frequency vi is not in resonance with any electronic 
frequency and if accordingly there exists no excited state with any 
energy hvi above the ground state. The absorbed light quantum may be 
retained, however, by the molecule only for the very short period which 
would be necessary for an absorbing molecule to establish the fact of 
lacking resonance. After that period the quantum is reradiated, but it 
may happen that part of the original energy hvi is retained by the mol- 
ecule in the form of a vibrational quantum hvm> Then the reradiated or 
scattered quantum carries the diminished energy, h{yi — Vm), and the 
scattered frequency is therefore vi — Vm> Conversely, if the molecule 
was originally in a higher vibrational state, it may give up to the out- 
going light quantum the energy of a vibrational quantum hvm, so that 
the outgoing energy is h(vi + Vm)j and the outgoing frequency is vi + Vm- 
Since, according to the Boltzman distribution, the number of molecules 
in higher vibrational states is smaller, there is a greater chance for the 
emission of the Stokes line.* It can be shown that in the hmiting case 
of high temperatures {kT > > hvm) the intensities of Stokes and anti- 
Stokes lines become equal in agreement with the classical argument. 

The previous simple quantum argument not only is successful in 
explaining the greater intensity of the Stokes line but also helps to 
elucidate the relationship between the Raman effect and fluorescence. 
The latter phenomenon is usually described as the actual absorption of 
one light quantum followed by an emission from the upper quantum 
state into which the absorption has thrown the atom or molecule. The 
re-emitted light may have the same frequency as the absorbed radia- 
tion, or it may have a different frequency, according to whether the 
system returns into its original state or into a different state. The Ray- 
leigh scattering and Raman effect go over continuously into fluorescence 
when the incident radiation approaches resonance. While this happens, 

* This statement is true only if the usually insignificant dependence of scattered 
intensity on frequency is neglected. 
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the polarizability and with it the scattering increases rapidly. There is 
also an increase of the time during which the quantum may be con- 
sidered as absorbed by the molecules, owing to the fact that more and 
more time is required to distinguish between the frequency of the inci- 
dent radiation and the proper frequency of the electrons within the 
molecule. If finally the frequency difference becomes smaller than the 
breadth of an absorption line, the usual description of fluorescence be- 
comes fully justified. 

A more elaborate quantum argument is needed to prove that in the 
proper Raman effect, that is, in the case of complete lack of resonance, 
there is very little likelihood of the molecule acquiring or losing more 
than one quantum of one normal vibration. Likewise it is possible but 
difficult to derive the selection rules operating in the Raman effect and 
the depolarization factor in the Raman effect if the quantum theory is 
used as the starting point of the investigation. It is much easier to 
approach these problems from the standpoint of classical theory. An 
extension of the derivation in the beginning of the section gives the re- 
quired answers, and it can be shown that the results are in need only of 
two major corrections: (1) The Stokes and anti-Stokes lines are of un- 
equal intensity, and (2) the classical treatment is valid only in the ab- 
sence of resonance, that is, if the difference of the incident frequency 
and any molecular-absorption frequency is great compared to the fre- 
quency of molecular vibrations. 

10.15 THE VIBRATIONAL RAMAN SPECTRUM The discussion 
in the previous section involved the assumption [see equation 10.14(3)] 
that a normal vibration of frequency causes a variation of the same 
frequency in the polarizability. This assumption is justified in first 
approximation as long as the polarizability changes linearly with the 
displacement of the vibration. For diatomic molecules this is generally 
the case. But in polyatomic molecules symmetry frequently prevents 
such a hnear variation. 

Consider for instance the nonsymmetrical nondegenerate vibration of 
CO 2 , Figure 10.3(3). Since all atoms remain lined up along the molecu- 
lar axis during the vibration, the polarizability remains an ellipsoid of 
revolution. The only change that can occur during the vibration is a 
change in the length of the axes of this ellipsoid. If the variation of 
polarizability with the displacement were a linear one, opposite dis- 
placements in the vibration would correspond to opposite changes in 
the length of the axes. But opposite displacements are obtained by 
reflection in the center of symmetry of the molecule, and such a reflec- 
tion, while changing the sign of the displacement, leaves the polarizabil- 
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ity ellipsoid unchanged. Since the change in the polarizability cannot 
both alter its sign and remain the same, our assumption that the polar- 
izability varies linearly with the displacement must have been erroneous. 

It is of course to be expected that the vibration just considered does 
cause a change in polarizability. But such a change must be at least 
quadratical in the displacement, and, if the displacement is small, 
quadratical effects are much less important. Therefore the vibration 
may appear only very weakly in the Raman effect. Furthermore we 
have seen that opposite displacements of the vibration give rise to the 
same change of the polarizability. But it takes only half a vibrational 
period for the displacement to change over into the opposite displace- 
ment. Thus the polarizability resumes its original value after half a 
vibrational period so that the polarizability changes with twice the 
frequency of the vibration. Therefore the vibration itself will not 
appear at all in the Raman effect. Its weak manifestation in the Raman 
spectrum will be limited to the second (and possibly higher) harmonics. 

From the preceding example we see that the ground tone of a vibra- 
tion may be forbidden in the Raman effect for reasons of symmetry. 
The details of the argument given in the foregoing can be actually gen- 
eralized into the statement that in a molecule possessing a center of 
symmetry all vibrations are forbidden in the Raman effect which are 
antisymmetrical to the center of symmetry, that is, which change their 
sign if a reflection in the center of symmetry is performed. For instance, 
in CO2 all nontotally symmetrical vibrations are antisymmetrical to the 
center and consequently forbidden. The totally symmetrical vibra- 
tion, on the other hand, is allowed in the Raman spectrum. It is useful 
to notice that the corresponding selection rule in the infrared spectrum 
is just the opposite. If a vibration is symmetrical to the center, then 
no change of dipole moment can occur during the vibration, and the 
vibration is forbidden in the infrared. If, on the other hand, the vibra- 
tion is antisymmetrical to the center, the vibration may occur in the 
infrared unless it is forbidden by other symmetry considerations. In- 
vestigation of both infrared and Raman spectra is useful not only be- 
cause the results complement each other, but also because they help to 
determine the symmetry of the molecule. Appearance of the same fre- 
quency in both spectra (if the frequency really corresponds to the same 
vibration and is not due to chance coincidence) proves that the molecule 
has no center of symmetry. For instance, in CO2 two of the three fre- 
quencies of normal vibrations may appear in the infrared spectrum 
only, while the third is allowed only in the Raman effect. 

Antisymmetry to a center is by no means the only reason why a vibra- 
tion may be forbidden in the Raman effect. In order to decide whether 
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tbe ground tone of a vibration may appear in the Raman effect, it is 
necessary to investigate for each vibrational type whether a linear 
variation of the polarizability is consistent with the symmetry. For in^ 
stance, in ethylene the vibration which consists of a twisting of the two 
CH 2 groups around the axis of the double bond is symmetrical to the 
center of symmetry and is nevertheless forbidden in the Raman effect, 
'f'his vibration is also forbidden in the infrared, so that, while in ethylene 
no vibration can appear in both the infrared and the Raman spectra, we 
have an example of a vibration which is forbidden in both spectra. 

A few statements about Raman selection rules are valid for all molecu- 
lar symmetries. For instance a totally symmetrically vibration is never 

forbidden in the Raman effect. 

Nontotally symmetrical vibrations 
may appear in the Raman spectrum. 
As an example we may consider the 
normal vibration of acetylene shown 
in Figure 10.15(1). This figure shows 
in addition to the displacements a 
tracing of the original polarizability 
(full line) and the polarizability 
changed as a consequence of the dis- 
placement (broken line). The lengths of the axes of the polarizability 
ellipsoid remain in first approximation unchanged but not the orientation 
of the axes. A change in the orientation influences the induced dipole 
moment and creates a component of this vibrating moment that con- 
tains the vibrational frequency and gives rise to the appearance of the 
fundamental tone in the Raman spectrum. The vibration used here as 
an example is one of the simplest illustrations that could have been used, 
but the vibration is apparently so faint in the Raman effect that until 
now it has not been identified with complete certainty. It is an empir- 
ical fact that nontotally symmetrical vibrations involving primarily the 
motion of hydrogen atoms are often very weak in the Raman effect. 

Investigation of the polarization in the Raman scattering provides a 
useful way to recognize nontotally symmetrical vibrations. It can be 
shown that in such vibrations the sum of the lengths of the axes of the 
polarizability ellipsoid remains unchanged in first approximation. This 
type of polarizability change makes it possible to calculate the depolar- 
ization factor, and the value f is obtained. This value is greater than ^ 
which was the maximum obtainable for the Rayleigh scattering. But 
the Rayleigh scattering is due to the polarizability which as a rule does not 
assume negative values; that is, no component of the electric field pro- 
duces a component of the dipole moment in the opposite direction. The 



Fig. 10.15(1). Normal vibration of 
acetylene and corresponding change 
of polarizability. 
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Raman effect, on the other hand, is due to a change of the polarizability, 
and for a degenerate vibration this change is actually positive in some 
directions and negative in others. The anisotropy resulting from the 
positive and negative changes arising during such vibrations is of course 
greater than the anisotropy in the molecular polarizability which is due 
to differences between positive polarizabilities. Actually the anisotropy 
and depolarization factor obtained in nontotally symmetrical vibrations 
are the greatest possible, according to the simple polarizability theory 
of scattering. 

Multiples, sums, and differences of the normal frequencies are some- 
times observed superimposed on the frequency of the incident light. 
This appearance of overtones and combination tones in the Raman 
effect is due to effects similar to those causing the appearance of these 
frequencies in the infrared spectrum, that is, to mechanical and elec- 
trical anharmonicities. Electrical anharmonicity means in this case a 
nonlinear dependence of the polarizability on the displacements. Over- 
tones and combination tones are less frequently observed in the Raman 
effect than in the infrared spectrum. This is due to the fact that the 
Raman effect gives small intensities even for the ground tones. The in- 
tensity ratio of ground tones to overtones and combination tones is not 
expected to differ in the Raman and infrared spectrum. 

In symmetrical molecules, selection rules operate for the overtones 
and combination tones as well as for the fundamental tones in the Raman 
spectrum. However, even harmonics are never forbidden. 

In addition to the vibrational Raman lines, there exist in gases a pure 
rotational Raman effect, and the vibrational lines have a rotational 
structure. However, many Raman observations are made in the liquid 
state. One reason for this is the weakness of the Raman effect. The 
liquid state is of course not appropriate for studying the rotational 
structure. 

The rotational Raman effect is due to the change in orientation of the 
polarizability ellipsoid during rotation. For diatomic and linear mole- 
cules, the twofold rotational frequency appears rather than the rota- 
tional frequency itself, since rotation by 180° brings the polarizability 
ellipsoid back into a position equivalent to the original one. Thus the 
frequency of polarizability change caused by the rotation is equal to 
twice the rotational frequency. In nonlinear molecules the simple 
rotational frequencies appear in addition to the double rotational 
frequencies. The vibration-rotation spectrum is due to the rota- 
tion of the polarizability change caused by the vibration. The 
structure arising in this way has been studied only in a few ex- 
amples. 
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10.16 THE ISOTOPE EFFECT Even if both the infrared spectrum 
and the Raman spectrum of a molecule are investigated, a number of 
molecular frequencies may not be found. For instance benzene has 
20 normal vibrations. Of these, all but four are forbidden in the infra- 
red spectrum, and only seven may appear in the Raman effect. All the 
predicted frequencies have been observed and identified and are in agree- 
•ment with the presence of a center of symmetry. The Raman fre- 
quencies are never duplicated in the infrared spectrum. But even so 
only 11 of the 20 frequencies are found. The remaining nine vibrations 
are forbidden in both infrared and Raman spectra. Though in other 
molecules all normal frequencies may be obtained from the spectra, 
this is as a rule not sufficient to obtain all the elastic constants of a 
molecule. In order to find out the restoring forces arising from all the 
possible distortions of the molecule, it is necessary to know, in addition 
to all frequency values, the specific forms of the vibrations associated 
with each frequency. Information about the elastic constants of a 
molecule, though perhaps not so fundamental as the knowledge of the 
equilibrium positions, will probably prove increasingly helpful in the 
discussion of reaction mechanisms. 

Measurement of molecular spectra in which certain atoms have been 
replaced by isotopes not only makes it possible to test the validity of an 
interpretation of Raman and infrared spectra but also offers the addi- 
tional data needed for finding the form of molecular vibrations and 
elastic constants of the molecule. It has been mentioned in section 4.4 
that substitution of isotopes does not affect the interaction of atoms and 
therefore does not change the force constants. But by altering the 
masses participating in the vibrations, we produce a change in fre- 
quency. It is easily seen how such frequency-changes can be used to 
obtain information about the form of a vibration. If for instance an 
atom remains at rest during a normal vibration, substitution of this 
atom by an isotope does not change the frequency. The more strongly 
the substituted atom participates in a vibration, the greater will be the 
resulting frequency change. 

Isotopic substitution may effectively destroy molecular symmetry, 
and it may thus cause the appearance of previously forbidden fre- 
quencies. Lastly, simple rules exist concerning the ratio of products of 
frequencies before and after substitution. The exact form of these rules 
depends on molecular symmetry, and thus the rules can be used to verify 
assumed symmetries. 

10.17 THE VIBRATIONAL SPECIFIC HEAT One of the most 
striking proofs that classical mechanics cannot be applied to inner- 
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molecular processes without some modification is obtained from the 
fact that at low temperatures vibrations do not contribute to the spe- 
cific heat. According to quantum theory, this is to be expected since, 
as long as kT is small compared to the quantum hv of the vibration, the 
excitation of a vibrational quantum is very improbable. If, on the other 
hand, the temperature is sufficiently high so that kT m great compared 
to hv, many vibrational quanta are, as a rule, excited. Then the corre- 
spondence principle is applicable, and the classical value of k per vibra- 
tional degree of freedom (or R per vibrational degree of freedom in a 
mole of the substance) is obtained for the specific heat. For intermedi- 
ate temperatures quantum statistical calculations give, for the contri- 
bution to the specific heat by a harmonic oscillator 



Here, z stands for hv/2kT, v is the frequency of the harmonic oscillator, 
and the hyperbolic sine (sinh) is the function — e~^). 

In a polyatomic molecule each normal vibration contributes a term 
c^, according to formula 10.17(1), to the specific heat. In each case one 
has to substitute for v the frequency of the normal vibration in ques- 
tion. Two- or threefold-degenerate normal vibrations must be counted 
as two or three normal vibrations of the same frequency. In a solid it 
is necessary to sum over the very great number of different vibrations. 

At low temperatures, x in equation 10.17(1) becomes great, sinh x 
increases exponentially, and the vibrational contribution to the specific 
heat approaches zero as an exponential function. This exponential be- 
havior is characteristic of the vibrational specific heat of molecules. In 
solids the acoustical branch contains some vibrations of arbitrarily 
small frequencies. Thus for any given low temperature there exist a 
number of vibrations for which the ratio x is unity or smaller. These 
vibrations contribute to the specific heat amounts roughly equal to k, 
whereas vibrations of higher frequencies give diminishing contributions, 
which, as the frequency increases, can soon be neglected. In solids we 
find therefore that at low temperatures the specific heat is proportional 
to the number of vibrations whose quanta are comparable to kT or are 
smaller. This number, and with it the specific heat, varies at low tem- 
peratures as 

The measurement of specific heats is useful in giving additional infor- 
mation about vibrational frequencies. In many solids specific heat 
furnishes until now the only available information about vibrations. 
But, owing to the rather gradual variation of equation 10.17(1), specific- 
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heat measurements are not apt to yield very accurate values of the fre- 
quencies, and it is necessary to know the specific heat over a consider- 
able temperature range to obtain useful information. 

Specific heats of gases may help to establish molecular frequencies. 
The vibrations of ethylene may be quoted as an example. This molecule 
has 12 normal vibrations of which six are permitted in the Raman effect 
while five are infrared-active. The 12 th vibration consisting of a tor- 
sion of the two CH 2 groups about the double-bond axis is forbidden in 
both spectra. The specific heat has been used to estimate the frequency 
of this vibration. A value of 750 or 800 wave numbers was obtained for 
the frequency on this basis. It was verified later by interpreting weak 
lines in the infrared and Raman spectra* that the value 800 cm.~^ is 
approximately correct. 

Data about specific heats of a very great number of gases have been 
obtained from the measurement of sound velocities. These data are 
unreliable unless cognizance is taken of the fact that often the period of 
the sound is too short for the vibrational energy to get into equilibrium 
with the translational and rotational energies. 

As soon as the vibrational frequencies of a molecule are known, the 
vibrational specific heat can be accurately calculated. For highest 
accuracy one must take into account the effects of anharmonicity and 
of the interaction between vibration and rotation. Knowledge of the 
accurate specific heats is needed in calculations of thermodynamical 
properties and of chemical equilibria. Comparison with the experi- 
ments makes it then possible to check any assumptions which may have 
entered in the calculations. For instance, the question of free rotation 
in ethane has been elucidated by using data on specific heats and also by 
considering the C 2 H 4 + H 2 C 2 H 6 equilibrium. It was found that 
the forces opposing torsion of the CH3 groups are considerable, so that 
barriers of about 3 Kcal. electron volt) restrict internal rotation. Of 
course these barriers are still sufficiently low to permit fast interconver- 
sion of any isomers which may be constructed from appropriately deu- 
terized ethane. So in the sense of structural chemistry, though by no 
means in the sense of physics, the rotation may be considered free. 

* Although the torsion vibration cannot occur as a permitted fundamental fre- 
quency, its first overtone may occur in the Raman spectrum, and the fundamental 
frequency shows up as a weak forbidden band in the infrared. The presence of this 
weak band is probably due to interaction of the vibration with the rotation of the 
molecules. 
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11.1 ATOMIC SPECTRA Although the electronic motion in atoms 
is in principle capable of exact treatment, the problem is in practice 
hopelessly complicated. The relative simplicity of the spectra involving 
nuclear vibrations is due to the small amplitudes of these motions. On 
the other hand, the motion of the electrons extends over the whole 
atom. Only in one particular case, namely, that of the hydrogen atom, 
has a complete solution been obtained in a simple way. But for other 
atoms, where the number of interacting particles exceeds two, mathe- 
matical experience has shown that no simple solutions are to be expected. 

The interpretation of atomic spectra nevertheless has been possible 
by using a scmiempirical procedure. Three circumstances facilitate 
such an analysis: (1) The high symmetry of the atoms makes it possible 
to give a rigorous classification of atomic states and to establish selec- 
tion rules for the transitions between these states. (2) By making sim- 
plifying assumptions some of which are rather drastic, a complete sys- 
tem of atomic levels can be obtained which though admittedly crude, 
has proved useful. (3) By varying external conditions, for instance, by 
applying a magnetic field, experimental information can be obtained 
about the nature of an atomic line so that in the analysis of the spec- 
trum one has a more reliable guidance than quantitative comparisons 
with crude calculations. 

11.2 SYMMETRY PROPERTIES OF ATOMIC STATES The 
potential acting within an atom depends only on the relative positions 
of the constituent particles. The problem of finding the inner-atomic 
motions is therefore the same whatever the orientation of the co- 
ordinate system in which the atomic motion is described. In this sense 
the problem of inner-atomic motion is spherically symmetrical. Of 
course, it does not follow that each solution of the problem, that is, each 
atomic state, is spherically symmetrical. 

The co-ordinate system in which the motion of electrons within the 
atom is to be described can be changed not merely by a rotation but 
also by reflection; such reflection will not change the form of the prob- 
lem any more than a rotation. Actually it is unnecessary to consider all 
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possible reflections. It is sufficient to take into account reflection in the 
center of symmetry which involves replacement of the x, and z co- 
ordinates by —X, —7/, and —z. This inversion together with all rota- 
tions permits the construction of every symmetry operation which leaves 
the problem of inner-atomic motion invariant. 

The systematization of all symmetry operations, the classification of 
atomic states made possible by the symmetry, and finally the common 
properties of atomic states belonging to one symmetry class are treated 
in group theory. We have discussed simple applications of group theory 
in connection with the simple vibrations of polyatomic molecules. In 
that case, normal vibrations rather than quantum states were classified 
according to symmetry. The selection rules which we have obtained 
from the molecular symmetry are among the properties investigated 
usually by group-theoretical methods. We shall not give here the 
mathematical details of group theory nor its application to atomic 
spectra, but shall restrict ourselves to the presentation of simple results 
and their connection with other facts of atomic physics. 

The classification of atomic states according to symmetry is twofold. 
First, with respect to inversion (reflection in the center of mass) the 
wave function describing the state may be either symmetrical or anti- 
symmetrical. In the first case the wave function remains unchanged if 
the signs of all co-ordinates are reversed. In the second case the wave 
function changes its sign when the same operation is carried out. States 
whose wave functions are symmetrical or antisymmetrical with regard 
to the center are called, respectively, even and odd states. The prop- 
erty of a state of being even or odd is called the parity of the state. The 
difference between even and odd states cannot be interpreted in an 
immediate intuitive manner in classical theory. But the distinction 
between these states is of great importance in selection rules. 

Second, we must consider the classification of the atomic states with 
respect to rotations. This classification is closely connected with a classi- 
cal property : each atomic state is characterized by its angular momen- 
tum. In fact, angular momentum of a system is conserved as long as 
there are no external fields which disturb the spherical symmetry, and 
classification with respect to rotational symmetry is rigorously valid 
under the same conditions. 

If at first the spin of the electrons is disregarded, the angular momen- 
tum may have only the values zero or an integer multiple of /i/27r. In 
this respect atomic proper functions behave in the same way as the 
simple proper functions describing the electronic motion in the hydrogen 
atom. There we have seen that the angular momentum may have the 
values zero (s states), h/27r {p states), 2h/2T {d states), Sh/2Tr (J states), 
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and so on. States relating to a whole atom rather than to a single elec- 
tron are called S, P, D, F states if the corresponding angular momenta 
are 0, 1, 2, 3 times the ^^quantum^^ of angular momentum h/2Tv, In close 
analogy to the spherically symmetrical s states of hydrogen, the S states 
of an atom remain unchanged under any rotation. The ground states 
of all rare-gas alkali and alkaline-earth atoms are S states. The P 
states are threefold degenerate just as the p states in hydrogen. Under 
the influence of rotation these degenerate states transform among each 
other in the same way as the three degenerate p states of hydrogen. In 
fact, the transformation properties of the P states are due to the spheri- 
cal symmetry rather than to any special property of the hydrogen prob- 
lem. Thus these transformation properties persist as long as there is 
spherical symmetry. In a like manner Z), P, etc., states behave like 
d, /, etc., states of hydrogen. The degree of degeneracy is 5, 7, etc., for 
these states, respectively, and the degenerate states transform as in the 
case of hydrogen. There is just one difference between the symmetry of 
the hydrogen states and that of the states of higher atoms. In hydrogen 
all states with an even angular momentum (s, d, • • • ) are even with re- 
spect to inversion, and all states with odd angular momenta (p, /, • • • ) 
are odd.* In higher atoms there exist both even and odd S states, even 
and odd P states, and so on. 

If the spin of the electrons is taken into account, we find that the total 
angular momentum (including the spin angular momentum) can have 
the values etc., in units of h/2Tr whenever the number of elec- 

trons is odd.f The half-integer values of the angular momentum are due 
to the fact that the spin of the electron itself is \h/2'K, The states with 
angular momenta f, etc., are 2-fold, 4-fold, etc., degenerate. The 
transformation properties of these degenerate states under the influence 
of rotations are somewhat more complicated than those of the states 
with integer values of angular momentum. If the atom contains an 
even number of electrons, the angular momentum can be shown to be 
an integral multiple of /i/27r. In that case the degree of degeneracy and 
the transformation properties are the same as for /.S, P, Z), etc., states. 

The selection rules regulating transitions between these states are 
analogous to certain selection rules discussed in the previous chapter. 
We have seen that in molecules possessing a center of symmetry only 
such vibrations could appear in the infrared spectrum as are antisym- 
metrical to the center. The corresponding selection rule in terms of 

* A similar statement is true for rotational states of simple diatomic molecules. 
This will be of importance in the theory of ortho and para hydrogen. 

t The possible presence of a nuclear spin is left out of account here. If present it 
manifests itself only in the appropriately named hyperfine structure. 
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atomic states is that only transitions between even and odd states are 
permitted, but all transitions between even and even or odd and odd 
states are forbidden. 

In the infrared-rotational and vibrational-rotational spectra of 
diatomic molecules we have seen that the angular momentum can change 
only by 1 or —1. In the vibrational-rotational spectrum of polyatomic 
linear molecules, transitions accompanied by no change of angular 
momentum were also permitted. It can be shown that general sym- 
metry arguments exclude all other changes of angular momenta in 
absorption or emission spectra for atoms or molecules. Thus transi- 
tions between states with the angular momenta 0 and 1, 1 and 2, 2 and 
3, 1 and 1, 2 and 2, etc. (all angular momenta measured in units h/2'K) 
are allowed, whereas for instance a transition between states with 
angular momenta 0 and 2 is forbidden. There is only one additional 
selection rule; a transition cannot occur between two states with zero 
angular momenta. The reason for this rule is that, if the angular mo- 
mentum is zero, the state is spherically symmetrical. The transition 
between two spherically symmetrical states may be considered as a 
pulsation of a spherically symmetrical charge distribution, and, accord- 
ing to classical electrodynamics, such a pulsation does not emit any 
radiation. 

The selection rules concerning parity and angular momentum are 
due to symmetry with regard to reflections and rotations. Therefore 
these selection rules may be violated if the symmetry is temporarily 
impaired by collisions. The fact that the analogous selection rules in 
vibrational spectra concern infrared transitions which are due to dipole 
radiations indicates that the atomic transitions previously discussed 
are due to an effect similar to the absorption and emission of radiation 
by a vibrating dipole. The usual theory of optical transition prob- 
abilities is based on a generalization of this dipole radiation. But in 
connection with the extremely weak infrared spectrum of N 2 , section 
10.6, we have pointed out that radiation may be emitted or absorbed 
by a vibrating quadrupole. Weak transitions in atomic spectra are 
produced by quadrupole radiation and further types of radiation. For 
such kinds of radiation different selection rules operate. 

The interpretation of observed atomic frequencies in terms of differ- 
ences between energy levels leads to a knowledge of the energy states of 
the atom. The application of selection rules makes it possible to find 
out the symmetry properties of the energy levels. The goal of the 
analysis is the knowledge of the energy values and symmetry properties, 
but the analysis would be very hard to carry out without the use of sup- 
plementary theoretical considerations and experimental devices. 



ATOMIC MODELS 


235 


11.3 ATOMIC MODELS The same crude description of atomic 
proper functions which we' have used in connection with the periodic 
system is also the one employed in the classification of atomic states. 
In this simplified atomic model we shall at first disregard the spins of 
the electrons. As a further simplification we assume that there are no 
phase relations between the motions of the electrons and that each of 
them moves in the field produced by the charge of the nucleus and the 
average field of the other electrons. This simplification is equivalent in 
quantum theory to the assumption that the wave function can be writ- 
ten as a product of wave functions of the separate electrons. We finally 
introduce the simplification that the field in which each separate elec- 
tron moves is spherically S3unmetrical ; if the actual average field of the 
remaining electrons does not fulfill this requirement, we take the aver- 
age of that field over all orientations before employing it in further cal- 
culations. The model just described is called the Ilartree model. 

Since in this model each electron moves in a spherically symmetrical 
field, each has a definite orbital angular momentum and is accordingly 
described as an s, p, d, etc., electron, the small letters emphasizing that 
the notation is used for single electrons. The s states of which an elec- 
tron is capable are numbered with increasing energy giving Is, 2s, 3s, 
etc., states. These symbols have been used for the hydrogen orbits and 
also for the hydrogen-like orbits in higher atoms. The present defini- 
tion remains valid even if the orbits are very unlike the hydrogen orbits, 
but it coincides with the previous definition whenever the orbits resem- 
ble those in the hydrogen atom. A similar notation is introduced for the 
p orbits, but to preserve the correspondence with the hydrogen notation 
we start with 2p, 3p, etc. For the same reason the lowest d state is 
called 3d. 

From the angular momenta of the separate electrons, the total angular 
momentum of the atom can be composed. The rules of this procedure 
may be described in terms of classical mechanics: one replaces each 
angular momentum with a vector of a length proportional to the absolute 
value of the angular momentum. The total angular momentum is ob- 
tained by arranging the angular-momentum vectors of the electrons in 
arbitrary directions and then adding these vectors. But the restriction 
is imposed that the resultant vector must be again an integral multiple 
of h/2Tr or else zero. If, for instance, we have a d and a p electron with 
h h 

angular momenta 2 — and ^ , we obtain for the vector sum the values 
27r 27r 

h h h 

3 — , 2 — , and These correspond to an F, a Z), and a P state 

27r 27r 27r 
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This vector-addition rule may be derived rigorously by group-theoreti- 
cal methods. As long as the Pauli exclusion principle need not be con- 
sidered, the results are the same as those obtained from the simple vec- 
tor picture. 

We use as the symbol of an atomic state the product of the symbols 
Tor the single electronic states composing it and add the symmetry 
symbol of the atomic state as a whole. Thus the lowest state of the 
carbon atom is written (ls)^(2,s‘)^(2p)^Pg. Here (Is)^ stands for the 
product of two Is functions and indicates the presence of two electrons 
in the K shell. Similar statements hold for (2s)^ and (2p)^. The sym- 
bol P shows that the total angular momentum is one (in units of 11/2^) 
which is one of the possible results if the angular-momentum vectors of 
four s electrons and two p electrons are added. The subscript g indi- 
cates that the atomic state is even. (An odd atomic state would be 
indicated by the subscript u,) That the state in question is even is due 
to the fact that, apart from the s electrons each of which has an even 
wave function, the atom contains two p electrons which according to 
previous statements are odd. But the product of two antis 3 unmetrical 
functions is symmetrical, and so the product of two odd functions gives 
an even state. 

The symbols (Is)^ and (2s)^ prescribe in an unambiguous way the 
product of the indicated electronic wave-functions. On the other hand, 
the expression (2p)^ leaves the question open which of the three degen- 
erate p states or Avhich linear combination of such states each electron 
occu}>ies. Actually the symbol (2p)^ is somewhat misleading, because 
according to the somewhat involved quantum theory of the vector- 
addition rule we cannot construct a state of definite angular momentum 
(for instance a P state) by ascribing to each p electron a definite wave 
function and taking the product. It is necessary to construct a sum of 
products; for instance to obtain a P state, we may place the first electron 
in a px state and multiply it by the py * wave function of the second 
electron, then take the py state of the first electron and multiply it by the 
px function of the second electron, and take the difference of these prod- 
ucts. In this way we obtain one of the degenerate P states and more par- 
ticularly a state v hich in analogy to the notation just used we should call 
Pz. Linear combinations of products such as have just been described 
amount no longer to independent motions of the electrons but rather to 
motions with some definite phase relation. This is so because the square 
of the total wave function giving the probabihty of the different electron 
configurations is no longer the product of the squares of single electron- 

* The Px and py states are similar to the states which have been designated in 
section 2.2 by (2x) and {2y). 
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wave functions and therefore can no longer be written as the product of 
independent probabilities. The three atomic states, 

(ls)H2s)H2p)^S 

(ls)2(2s)2(2p)2p 

(ls)%2s)^(2p)^D 

which according to the vector-addition rule can arise from the 
(ls)^(2s)^(2p)^ electron configuration, differ in energy owing to the dif- 
ferent phase relations of the 2p electrons in the >S, P, and D states. 
However, the linear combinations and the resulting phase relations and 
energies cannot be discussed without at the same time the Pauli exclu- 
sion principle being taken into account. This principle eliminates all 
states which are not antisymmetrical with regard to the interchange of 
any pair of electrons, and for tliis reason not all states appear which 
can be obtained from the vector-addition nile. The influence of the 
Pauli principle, as we have seen, is further modified by the presence of • 
the electronic spin. We shall return shortly to a brief discussion of the 
spin effects. 

The possibility* of exciting one of several electrons in an atomic spec- 
trum together with the several ways in which the angular-momentum 
vectors of the electrons can be combined into a resultant atomic angular 
momentum accounts for the great number of atomic states in the so- 
called complex spectra. The possible electronic transitions increase 
even faster than the number of electronic states, so that the complexity, 
for instance, of the iron spectrum is not surprising. 

One class of spectra, namely, the one-electron spectra of the alkalies 
is by contrast quite simple. Here all electrons except one are in a closed 
shell, and the visible and near ultraviolet parts of the spectra are due 
to transition between states of the last loosely bound electron, called 
the valence electron. A further simplification arises from the fact that 
the electrons of the core (that is all electrons except the valence electron) 
form a closed shell which has the total angular momentum zero and 
produces a spherically symmetrical field. Thus the angular momentum 
of the atom will be equal to the angular momentum of the valence elec- 
tron. Let us consider, for instance, the sodium atom. Its lowest elec- 
tron configuration is (Ls)^(2s)^(2p)®(36*). The two electrons in (U*)^ 
fill the K shell; the eight electrons in (2s)^(2p)^ fill the L shell. The six 
nonspherical wave functions of the p electrons are oriented and com- 
bined in such a way as to form a spherically symmetrical total wave 
function. The addition of the 3.s* electron in the M shell still leaves a 
zero angular momentum so that an S atomic state results. The first 
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excited state has a (l5)^(2s)^(2p)®(3p) electron configuration, and cor- 
responding to the angular momentum of the (3p) valence electron a 
P state is obtained. The parity of the atomic states is also equal to the 
parity of the valence electrons. This is so because the closed shell form- 
ing the core has an even parity. Thus, for these spectra /S, D, etc., 
states are even, and P, P, etc., states are odd. According to the parity- 
selection rule P-P, P-P, etc., transitions are forbidden, and the orbital 
angular momentum must change by d=l in each electronic transition. 
This same result can be obtained by a crude intuitive method. In 
alkali spectra the core, being totally symmetrical and essentially un- 
affected by electronic transitions in the usual spectral regions, can be 
considered (nucleus included) as one particle. Then the structure of 
the alkali atom in its various states can be considered as a two-body 
problem. We have encountered a two-body problem in the vibration- 
rotation spectra of diatomic molecules. In the alkali spectra as in the 
infrared vibration-rotation spectrum of a diatomic molecule, changes of 
orbital angular momentum by ±1 occur, but no transition is found in 
wliich the angular momentum remains unchanged. 

We have seen that phase relations between electrons are not provided 
for in the simple scheme of the Ilartree model, but they have to be taken 
into account if energy differences are to be obtained between atomic 
states belonging to the same electron configuration. To describe such 
phase relations, the wave function must be written as a sum of prod- 
ucts; if, for instance, we consider a state of carbon (Ls)^(2s)^(2p)^, then 
each term in the sum contains two factors which are Is functions, two 
factors which are 2s functions, and two factors which are 2p functions. 
The wave functions obtained by limiting ourselves to these factors are 
approximate solutions. The exact solution can always be written as 
the sum of products of single-electron wave-functions, but products 
belonging to all electron configurations must be used; in addition to the 
terms of the type (Is)^ (2s)^ (2p)^, other terms will occur such as 
(Is)^ (2s) (2p)^ (3d). The simplification in the Hartree model lies in 
the neglect of all but one of these electron configurations. In the alkali 
spectra this is an excellent approximation. The exact proper function 
of alkali atoms would include terms in which electrons of the core are 
shifted into higher shells. But the great energy needed for such excita- 
tion makes the contribution of such terms to the wave function insig- 
nificant. On the other hand, in the complex spectra where the excita- 
tion energy of several electrons is approximately equal, the Hartree 
model leads to less reliable results (compare section 3.8). 

11.4 THE INFLUENCE OF SPIN The physical interaction be- 
tween electron spin and electronic motion is due to magnetic forces 
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The effect of these forces depends on the electronic velocity and remains 
small as long as the electronic velocity is small compared to light veloc- 
ity. For lighter atoms this is always the case, and the interaction be- 
tween electron spin and electron orbits can be neglected in first approxi- 
mation. The influence of the spin on the symmetry types and energies 
of atomic states is nevertheless great. The wave function may often be 
written in the absence of forces between spin and orbit as a product of 
wave functions depending on position and on spin alone. The atomic 
energy depends only on the factor containing electronic positions. But, 
according to the Pauh principle, the factor depending on the positions 
is symmetrical or antisymmetrical with regard to the interchange of 
two electrons according to whether the spin factor is antisymmetrical 
or symmetrical with regard to the same operation. It may happen 
that the Pauli principle is satisfied in a more complicated way in that 
the total wave function is a sum of spin- and position-dependent prod- 
ucts in which no factor is completely symmetrical or antisymmetrical. 
Thus, while the total wave function simply changes sign whenever two - 
electrons arc interchanged, the effect of this operation on the part de- 
pending on positions alone may be more complicated. This more com- 
plicated behavior has been discussed fully in terms of group theory. 
Only this time the operations whose effect on the wave function is 
studied are not reflections and rotations but permutations of the elec- 
trons. 

The result of this discussion can be summarized in two simple state- 
ments: (1) Owing to the antisymmetry of the total wave function the 
permutation properties of the positional factor are determined by the 
permutation properties of the spin factor. (2) The permutation prop- 
erties of the spin factor are characterized by the value of the angular 
momentum resulting from a vector summation of the individual spins. 
Therefore we need discuss only this resultant spin momentum. 

The maximum possible value of the total spin angular momentum is 
(which is the spin of one electron) times the number of electrons. 
Other possible values differ from the maximum value by integral mul- 
tiples of /i/27r. Thus the spin angular momentum of two electrons may 
be or 0. For the value of this angular momentum in units of 
/i/27r, the notation * aS is used. For two electrons we have S = I and 
aS = 0, and the possible values for three electrons are aS = and aS = ^. 
For aS = 0, the spin-dependent wave function is not degenerate. For 
aS = ^ there is a twofold degeneracy, for aS = la threefold degeneracy, f 

* This is the same letter as is used for the symbol of a state with orbital angular 
momentum zero. It is easy to distinguish from the context in which sense S is used. 

t In general, we have a {2S + l)-fold degeneracy. 
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Accordingly, states with S = 0 are called singlet states, those with 
S = f doublet states, those with 5=1 triplet states, etc. The property 
of a state being a singlet, doublet, etc., state is called its multiplicity. 
The multiplicity is indicated by an index on the upper left-hand side of 
the letter (5, P, D, • • • ) giving the total orbital angular momentum of 
the electrons within the atom. For instance, the ground state of the car- 
bon atom is a triplet; this state is written in the form (l6*)^(2s)^(2p)^ ^Pg. 
Actually even this symbol does not characterize the atomic state com- 
pletely. The spin angular momentum S and the orbital momentum 
called L may still be oriented with regard to each other in an arbitrary 
manner giving various values to the total angular momentum J. The 
energy difference of states belonging to the same electron configuration, 
to the same S and L values but to different J values, is due to the actual 
physical forces acting on the spins within the atom. These energy dif- 
ferences are small in light elements resulting in a close multiplet of 
states. For hydrogen, the multiplet separations are less than 1 cm.“^ 
But for heavy atoms where electrons have high velocities whenever they 
come close to the highly charged nucleus, multiplet separations become 
as great as 10,000 cm.~^ When the multiplet separation becomes com- 
parable to the electrostatic energies within an atom, the justification for 
writing the wave function as a product of positional and of spin factors 
falls down. Then it becomes inadmissible to assign definite values to 
the spin and orbital angular momenta, and the so-called L-S coupling 
which has been discussed previously is no longer valid. But the total 
angular momentum J still retains its significance. The atom still pos- 
sesses a definite total angular momentum as long as the rotational sym- 
metry of the problem as described in section 11.2, is preserved. 

There exists an important connection between the multiplicity of a 
state and the way in which electronic orbits are filled. We shall now 
give a few illustrations. If the spins of two electrons form a singlet 
state (5 = 0), then the wave function changes its sign when the spins 
of the electrons are interchanged. It follows, according to the Pauli 
principle, that the orbital part of the wave function retains its sign if 
one exchanges the positions of the electrons. Indeed, simultaneous 
exchange of spin and positions is equivalent to the interchange of all 
properties characterizing the electrons, and, according to the Pauli 
principle, such interchange must invert the sign of the wave function. 

When two electrons form a singlet state, their wave function is a 
symmetrical function of the spins; that is, interchange of the spins leaves 
the wave function unchanged. Then the Pauli principle demands that 
the wave function be antisymmetiical mth respect to exchange of the 
positions of the two electrons. 
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A consequence of the previous statement is that, when two electrons 
are found in the same orbit, their spin state must be a singlet. Only if 
the two electrons occupy different orbits can their spins form a triplet. 
In general n electrons may add up their spins to a total value S == n/2. 
This is, however, possible only if all the n electrons occupy different 
orbits. One more rule is of great help in interpreting spectra. If a 
number of electrons form a closed shell, their spin momenta have to 
cancel and form a singlet state {S = 0^ The same holds for the n 
orbital momenta, and we also have L = 0. Thus a closed shell may 
always be disregarded when orbital and spin momenta of an atom are 
investigated. 

It may be of interest to mention that in the heaviest atoms a differ- 
ent kind of coupling is frequently employed with success. The spin of 
each electron is coupled to its orbital momentum I giving the total 
angular momentum j of the single electron. Then the j values are 
coupled to give the atomic angular momentum J. Of course, when- 
ever angular momenta are coupled, that must be done according to the 
rules of vector addition. 

11.5 APPROXIMATE SELECTION RULES The exact selection 
rules given in section 11.2 refer to the parity and to the total angular 
momentum J. According to this rule, changes in J by two or more units 
are forbidden, and in addition transitions between two states J = 0 are 
also prohibited. If as assumed in the previous section the interaction 
between spin angular momentum S and orbital angular momentum L 
is weak, then less strict selection rules are valid for >S and L separately. 

The first of these rules is that in an electronic transition the spin 
angular momentum S must not change. This rule can be made plausi- 
ble in the following way. The electronic spin interacts with the radia- 
tion field only through its magnetic moment, and this magnetic inter- 
action is weak compared to the electric coupling between the radiation 
and the atom. At the same time it has been assumed that only small 
forces act on the spin within the atom. In the absence of strong forces 
we would not expect the spin to change. We can indeed show in quan- 
tum theory that, in the absence of forces acting on the spin, only such 
transitions occur in which the spin-dependent factor of the wave func- 
tion remains unchanged. This means that the relative orientation of 
the individual spin vectors and the resultant angular momentum S do 
not change during the transition. 

It was stated that certain permutation properties of the positional 
part of the wave function are associated with each spin value. Since S 
remains constant, it follows that the permutation properties of the posi- 
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tional factor of the wave function must not change in a transition. This 
rule is similar to the more rigorous statement requiring the total (posi- 
tional and spin) wave function to remain antisymmetrical with regard 
to interchange of electron pairs if this antisymmetry was originally 
established. However, the conservation of antisymmetry and the Pauli 
principle is due to the identity of the electrons and is not based on the 
neglect of the spin forces. Thus the permanence of the Pauli principle 
is an exact law while the selection rule forbidding changes in S is only 
approximately valid. 

The selection rule that the value of >S, or in other words the multi- 
plicity, must not change is very well satisfied for the lightest atoms 
where the forces acting on the spin are practically negligible. In helium 
the spins of the two electrons give rise to >S = 0 or singlet states, or 
aS = 1 or triplet states. Transitions between singlet and triplet states 
are so excessively weak that they remained undetected for a long time. 
The systems of singlet and triplet levels were thus practically inde- 
pendent, and they were said to belong to two different atomic species 
called para-helium (aS = 0) and ortho-helium (aS = 1). Later, evidence 
for a weak intercombination between the two systems was found. In 
heavy atoms transitions involving a change in multiplicity which are 
also in this case called intercombinations occur with much greater in- 
tensity. The familiar mercury line with the wavelength of 2537 A. is 
due to a transition between singlet and triplet states. 

The approximate selection rules for L are exactly analogous to the 
rigorous rules for J. Thus the possible changes in L are limited to ±1 
and to zero, and in addition no transition can occur between two aS 
states. This rule is valid only as long as forces acting on the 
spins may be disregarded. Thus for heavy atoms the rule becomes 
less rigid. 

If the liartree model were strictly valid, further intensity rules would 
follow. Strong transitions could then occur only between states whose 
electron configuration dififers only in the quantum number of one elec- 
tron. The orbital angular momentum of this electron would have to 
change by ±1. In transition elements where the Hartree model is often 
entirely inapplicable this last rule is not very useful. 

11.6 THE ZEEMAN EFFECT If an electric or magnetic field is 
applied to atoms, the spherical symmetry on which the strict quantiza- 
tion of angular momentum was based is now removed. At the same 
time in states mth J different from zero the reason for degeneracy ceases 
to operate. Indeed for J ^ 0, the state itself cannot be considered as 
spherical, and degeneracy arises from the equal energy of states differing 
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in orientation only. In external fields, however, different orientations 
may have different energies, and the degenerate electronic levels split.* 

The effect of magnetic fields on atomic spectra is more marked, easier 
to study, and was discovered earlier than the effect of electric fields. 
This may seem surprising in view of the fact that magnetic forces are 
v/c times smaller {v = electron velocity, c — light velocity) than elec- 
tric forces. But partly because of this same fact, production of strong 
magnetic fields is much easier than production of strong electric fields. 
In the latter fields, electrical breakdown is difficult to avoid while no 
phenomenon of magnetic breakdown is known. There is a further rea- 
son why the magnetic effect is more readily observable. The interaction 
of the atom with a homogeneous field is in first approximation caused 
by the permanent electric or magnetic moment of the atom while in- 
duced moments cause only second-order effects. Now we have seen in 
section 5.2 that atoms do not have permanent electric dipoles, f while 
as a rule they do have permanent magnetic dipoles whenever J is dif- 
ferent from zero. Thus magnetic fields give rise to first-order effects, 
whereas the effect of electric fields appears only in second approxima- 
tion. We shall limit our present discussion to the magnetic or Zeeman 
effect, and we shall not consider the electric or Stark effect. 

The splitting of degenerate levels in a magnetic field may produce 
rather complicated patterns in the spectra, particularly if a splitting has 
occurred in both the initial and final state. The number of resulting 
lines is, however, considerably reduced by selection rules which this time 
regulate the changes in the component of angular momentum about the 
direction of the magnetic field rather than the changes in the total angu- 
lar momentum. A discussion of the selection rules will not be given 
here. 

The reason for the complicated appearance of Zeeman patterns is the 
different magnetic behavior of spin angular momentum and orbital 
angular momentum. Both angular momenta are associated with mag- 
netic moments but the ratio of angular momentum and magnetic 
moment is twice as great for the orbital motion as for the spin. Thus 
the orienting forces have a different effect on orbit and spin which may 
manifest itself in various ways in the spectrum but leads most often to 
a rather complicated structure. These complicated Zeeman patterns 
are known under the name of anomalous Zeeman effect, whereas the 
simple patterns which result in some special cases are called normal 
Zeeman effects. In each case, however, the Zeeman effect permits us 

* In homogeneous electric fields not all the degeneracy is removed. 

t There is an exception to this rule; in excited states of hydrogem, degeruTacy of 
the s, pf and sometimes further states may give rise to an effective electric dipole. 
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to draw valuable conclusions about the angular momenta and also the 
multiplicities of the combining levels. In many cases the multiplicity 
is already known from the appearance of the fine structure of multiplets 
which in the absence of an external magnetic field are due primarily to 
the interaction of spin and orbital magnetic moments within the atom. 
With the further help of models and selection rules of which the most 
important ones have been treated in the previous sections, a rather de- 
tailed interpretation of almost all atomic spectra has been achieved. 

11.7 ELECTRONIC STATES IN DIATOMIC MOLECULES It 
has been shown that the motion of particles within molecules can be 
described rather accurately by treating electronic and nuclear motions 
separately: (1) The electrons are considered as moving in the field of 
fixed nuclei; (2) the motion of the nuclei proceeds in the average field 
produced by electrons (see section 4.1). The electronic spectra of dia- 
tomic molecules may be obtained in the roughest approximation by 
considering the nuclear positions as fixed and allowing the electrons to 
move in their field. This problem is considered in the present section. 
We shall see later that on the electronic frequencies a vibrational and 
rotational structure is superimposed in a somewhat similar way as has 
been discussed in the infrared spectrum where rotational frequencies 
have modified the vibrational spectrum. 

The electronic states of diatomic molecules are classified, and selection 
rules are obtained according to principles similar to those used for ob- 
taining electronic states of the atoms. A part of this classification has 
already been described in connection with the electronic structure of 
ground states in diatomic molecules. 

First, it is necessary to study the behavior of the electronic wave 
functions under the influence of the molecular symmetry. Second, we 
may again separate orbital and spin motion and introduce a further 
classification based on the properties of the wave functions, depending 
on the position and on the spin of the electrons. We shall discuss, for 
molecules, only that case where separation of spin motion and orbital 
motion is permissible. This simplifies the description since it is then 
necessary to consider the effect of molecular symmetry on the orbital 
motion of the electrons alone, rather than on the complete wave func- 
tion depending on spins and position. In the following the electronic 
spins will be disregarded in discussing the effects of molecular symmetry. 
As in atomic spectra, this procedure is justified only as long as no heavy 
nuclei are present. 

When comparing atomic states with states of diatomic molecules, we 
find that the symmetry of the problem is much higher in the former case. 
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Diatomic molecules possess axial rather than spherical symmetry. The 
lower symmetry of diatomic molecules means fewer symmetry opera- 
tions and simpler transformation properties of the wave function. 

The primary classification of the states is made according to behavior 
with respect to rotations around the molecular axis. If a rotation 
through the angle (p is performed around that axis, the wave function is 
multiplied in general by where A is an appropriate constant. This 
behavior is analogous to that of a wave function describing the state of 
a particle in the absence of forces. We have seen in that case that trans- 
lation through a distance x multiplies the wave function by The 
quantity is related to the momentum of the particle by the equation, 

11.7(1) 

Z'K 

Similarly, A is related to the component of the angular momentum 
around the molecular axis M by the ecjuation, 

h 

M = A— 11.7(2) 

27r 

The simple transformation property expressed by the factor holds 
as long as no forces act on the particle in the x direction, and the mo- 
mentum of the particle in that direction is therefore conserved. Simi- 
larly, the transformation law holds as long as the potential is cylin- 
drical, so that no tangential forces act on an electron moving around the 
axis. In classical mechanics angular momentum around the axis is con- 
served under these conditions. The number A is actually the angular 
momentum measured in units of A/27r and is called the quantum num- 
ber of that angular momentum. Because of the requirement that the 
wave function shall remain unchanged by a complete rotation, A must 
be a positive or negative integer or else zero. Wave functions belonging 
to A-values with opposite sign can be transformed into each other by a 
reflection in an appropriate plane containing the molecular axis; this is 
so because the plane can be chosen in such a way that the reflection 
turns (pj the angle of rotation around the axis, into the angle —v?. Since 
the two wave functions belonging to A and —A can be interchanged by 
reflection, they must correspond to the same energy; that is, we have a 
twofold necessary degeneracy. We can visualize the reason for this 
degeneracy by remembering that A and —A belong to opposite angular 
momenta and therefore to electronic rotations in the opposite sense. 
Only if A = 0 is the electronic state nondegenerate. 
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The statements in the previous paragraph are quite analogous to 
statements made previously about single-electron wave functions. In 
the case of single electrons one usually denotes the quantum number of 
the angular momentum around the axis by X. For the single electrons 
it is easy to use the number of nodes and their connection with the mo- 
mentum to visualize the connection between X and the angular momen- 
tum. 

The letters A and X are chosen to emphasize the parallelism with the 
angular-momentum quantum numbers, L and 1] these letters are used 
in spherical fields to denote the quantum number of the angular momen- 
tum of the whole system and the angular-momentum quantum number 
of a single electron. This analogy is carried further by denoting molec- 
ular states having A values 0, ±1, ±2, ±3, • • • with the symbols S, 11, 
A, 0, • • • For single electrons, the letters <r, tt, 5, • • • are used. The 

corresponding notations for angular momenta in spherical fields have 
been P, D, F, • • • and Sj dy • • • . 

A further classification of the S states is required according to their 
behavior with regard to reflections in planes containing the molecular 
axis. There are wave functions which remain unchanged under such an 
operation. These are called states. Other wave functions change 
their sign and are called states. If A 0, no such further classifica- 
tion exists since reflection in planes containing the molecular axis merely 
interchanges the wave functions corresponding to +A and —A. It is 
to be noted that single-electron <t functions always have cr~^ symmetry 
(and for this reason, the plus sign is omitted as redundant). In fact a 
wave functions are independent of the angle <p and remain unchanged if 
<p is replaced by —(p. The more complicated symmetry S” can occur 
only for a molecule containing at least two electrons. In this case the 
wave functions of the individual electrons may depend on even if the 
total wave function remains unchanged under rotation. 

For homonuclear molecules a further classification must be intro- 
duced. These molecules have a center of symmetry and, in analogy to 
the case of atoms, the subscript gr or is used to show whether a wave 
function is even or odd, with respect to reflection in the center. 

For a more detailed characterization of molecular states we can again 
use the Hartree model. Angular-momentum and symmetry symbols 
are then assigned to single electrons, and the total wave function is 
written as the product of the single-electron wave functions. To that 
product the symbol of the resulting term must be added, since a mere 
statement about the angular momenta of the individual electrons does 
not show whether these angular momenta must be added or subtracted. 
Thus we obtain complex symbols such as ((Xg)^<Tu(Tru)^Au- This symbol 
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means that the molecule contains two (Tg, one cr^, and two tt^ electrons. 
The angular momenta of the last two add up to give a A state. It is to 
be noted that, since all angular momenta are now parallel to the axis, 
they must be added and subtracted like numbers (rather than like vec- 
tors as was the case in the atoms). The rule that the total state is even 
or odd according to whether an even or odd number of odd electrons 
are present is the same for homonuclear molecules and for atoms. Of 
course, the same restrictions must be made about the validity of the 
liartree model for molecules as was made for atoms. Thus, although 
the angular-momentum quantum number A of the whole system is a 
well-defined quantity, the same cannot be said in general about X. In 
reality, each electron moves in the field of the nuclei and the other elec- 
trons, and this instantaneous field does not possess cylindrical sym- 
metry. In practice, the Hartree model for molecules is even less valid 
than for atoms for which the great energy steps between closed shells 
was the chief reason for the success of the approximation. 

Finally one has to add to each symbol representing a molecular wave 
function the multiplicity which, as in atoms, corresponds to the value 
of the sum of the spin angular momenta of the electrons. We have singl- 
ets, doublets, triplets, and so on, denoted by the numbers 1, 2, 3, • • • in 
the upper left corner of the symbol of the wave function (for instance 
or ^A). Singlets, doublets, triplets, • • • correspond to total spin 
values of 0, J/i/27r, h/2TT, • • • . 

11.8 CO-ORDINATION SCHEMES The classification of the states 
in diatomic molecules as given in the previous section is not so com- 
plete as the one we have described for atoms. In the latter each electron 
had in addition to its designation as s, p, d, • • • a principal quantum 
number designating the shell to which the electron belongs. A similar 
simple classification is not possible with molecules. Instead we charac- 
terize molecular states by their relation to atomic states which are ob- 
tained if the molecule is dissociated and to the atomic states which 
would be produced if the two nuclei were pushed together to form a 
single nucleus of higher charge. Since in the two cases of distant and 
united nuclei the possible atomic states are known, we can attempt to 
obtain the actual molecular states by interpolation.* We shall first 
consider ^ectronic states as a whole, that is, without discussing in 
detail the transformations suffered by the individual electronic orbits. 

The co-ordination of molecular states to states of the separated and 
united nuclei is governed by two rules. The first is that when the atomic 
distance is changed, the symmetry properties of the molecular state 

* This procedure has been developed by Mulliken and by Hund. 
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must remain unchanged. The second is that two molecular states of 
the same symmetry must not have the same energy for any internuclear 
distance. The reason for the second rule is that the mathematical re- 
quirements of degeneracy are too exacting to be satisfied merely by 
changing one parameter, namely, the internuclear distance. Degen- 
eracy can, however, be established (at least in the absence of magnetic 
forces) by adjusting two parameters. This is of importance in discuss- 
ing the behavior of polyatomic molecules and collision complexes. 



Fig. 11.8(1). Co-ordination scheme for the hydrogen molecule. 

In plotting the energy of a molecule for various internuclear dis- 
tances, we always find, of course, that the energy goes to infinity when 
the nuclei approach each other. This is a consequence of the repulsion 
between the nuclei. In plotting co-ordination schemes we usually do 
not include the nuclear repulsion in order that this strong effect should 
not obscure the influence of the nuclear positions on the energy of the 
electrons. 

The simplest example of a co-ordination scheme is obtained by com- 
paring the energy levels of a hydrogen molecule with the epergy levels 
of two separated hydrogen atoms and with that of a helium atom. A 
sketch of this co-ordination scheme is shown in Figure 11.8(1). On the 
left-hand side of the figure the lowest energy levels of the helium atom 
are marked. The electronic configurations are included. It may be 
seen that only such excited levels have been drawn which may be ob- 
tained by lifting one electron from the K into the L shell. The energy 
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differences of the levels are not drawn to scale; the energy difference 
between the lowest level and the group of four upper levels is relatively 
even greater than shown in the figure. On the right-hand side of the 
figure we find a similar representation of the levels of two separated 
hydrogen atoms. Here the atomic symbols are replaced by symbols of 
the single hydrogen electrons. The first excited state is obtained by 
putting one of the hydrogen electrons in either a 2s or a 2p state. The 
state corresponding to two unexcited hydrogen atoms has been marked 
higher than the lowest state of the helium atom in order to indicate that 
it takes more energy to remove two electrons from a helium atom than 
to remove them from two hydrogen atoms. But here again the drawing 
is not made to scale in that the right hand of the figure should be shifted 
to considerably higher energies than has been done. 

The first step in constructing a co-ordination scheme is to investigate 
what molecular-symmetry types may be obtained from the atomic- 
symmetry types corresponding to the two limiting cases. These sym- 
metry types have been marked below the horizontal lines drawn next to 
the atomic symbols. It is simple to obtain the symmetry types on the 
left-hand side of the diagram; singlets give singlets, triplets give trip- 
lets, g and u states give g and u states, respectively, and the angular 
momentum around the molecular axis can have all values smaller than 
or equal to the angular momentum in the atom (for example, S gives 2, 
P gives II and 2 • • •). The rules to be followed on the right-hand side 
of the diagram are more involved. Here, in addition to simple rules 
regulating the angular momentum, we must determine the multiplicity 
and the symmetry properties with regard to a center of symmetry which 
lies midway between the two atoms. This is done by considering the 
changes in the wave function brought about by an exchange of the 
electrons on the two atoms. We have seen in section 7.4 that two hydro- 
gen atoms in the lowest state give a singlet and a triplet molecular state. 
One can show that the singlet is even and the triplet is odd. Both states 
are of course 2 states since the lowest hydrogen state has no angular 
momentum. The first excited state marked in Figure 11.8(1) gives rise 
to 12 different molecular states listed below the corresponding line. All 
the 2 levels indicated are 2"^ levels, and so for simplicity the plus sign is 
omitted. 

The energy levels for the hydrogen molecule are shown in the middle 
of the figure by the lines connecting the levels at the two ends. The 
abscissa corresponds to (but does not serve as a quantitative measure 
of) the internuclear distance. The method of construction is that one 
connects the lowest ^2g state on the left side with the lowest ^2g state 
on the right side. Then one connects the next ^2g state on both sides 
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and so on for the various symmetry types. By this method intersec- 
tions between unlike symmetry types can often not be avoided, and, in 
fact, there is no rule forbidding such intersections. One such intersec- 
tion is seen on the left-hand side of the diagram, where the and the 
levels cross. Of course, since the lines are obtained by simple in- 
terpolation, the results cannot be quantitatively correct. For instance 
the and the ^11^^ lines at the top of the figure have been drawn as 
coinciding simply because they are interpolated between the same levels. 
In reality these states will have different energies in H 2 . The figure 

indicates why the lowest ^Sg level 
is attractive while the lowest 
is repulsive. The former leads to 
a much more firmly bound helium 
level than the latter. The follow- 
ing four levels shown in the figure 
0 1 seem to be attractive since they 

^ behave similarly to ^Sg in connect- 

/ ing hydrogen and helium levels of 

/ like degree of excitation. Further 

/ levels indicated on the upper right 

Internuclear distance side of the diagram but not con- 

Fig. 11.8(2). Avoidance of intersection tinned through to the helium side 
of two potential curves. must lead to high helium states 

and are probably repulsive. 

We may attempt to obtain a more detailed description of the molec- 
ular states by applying to each electron separately the same reasoning 
which has just been carried out for the molecule as a whole. The same 
rules can be applied for setting up electronic orbits in the two limiting 
cases and for interpolating between them. Again states of like sym- 
metry must be connected, and again intersections of curves of like sym- 
metry must be avoided. But it must be noted that these rules hold for 
individual electrons only approximately, because, as has been stated in 
the previous section, the symmetry classification for individual electrons 
is not rigorous. It may happen that through consideration of electronic 
orbits we are led to conclude that two molecular states of the same sym- 
metry cross for a certain internuclear distance. In such cases the two 
energy levels in question usually approach each other but the intersec- 
tion is avoided by a more or less sudden turn of the curves in which 
each curve approaches the continuation of the other one. Figure 11.8(2). 

In Figure 11.8(3) the states of an electron in the field of two protons 
are obtained by interpolation. On the left-hand side the states of the 
He+ ion are indicated, whereas on the right-hand side we have the 
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states of the hydrogen atom which in this limiting case are uninfluenced 
by the distant ion. Near these extreme cases the symbols of the 
corresponding molecular symmetries appear. Near the limiting case of 
united nuclei the electronic symbol for the united atom is put down in 
front of the molecular symbol (for example, Iso-g). This symbol is often 
used for a more complete characterization of an electronic orbit in the 
molecule. Less frequently the electronic state is characterized by the 
molecular-symmetry symbol which is followed by the symbol of the 



Fig. 11.8(3). Co-ordination scheme for the electron in the H 2 '^ ion. 

atomic orbit obtained by dissociation. This notation is shown close to 
the right side of the diagram. 

We shall use the more common notation (including the electronic 
symbol for united nuclei) in discussing the energy levels of the hydrogen 
molecule in terms of the individual electronic levels shown in Fig- 
ure 11.8(3). For a low energy-level, one electron will be always in the 
lowest, that is, Iscr state. For the lowest level of the molecule we find 
the configuration (Iscr)^ The configuration gives the singlet state 
because of the Pauli principle. Next we may put one electron into the 
Iso-g state and a second one into the 2'p<Tu orbit. This configuration 
gives a {ls<ig){2p(ju)^^u and a (ls<rg)(2pcrt^)^Sw state. The former is 
easily identified with the repulsive state of Figure 11.8(1). The 
second must be the level appearing on the top of the same figure. 
We see that the two methods of obtaining this level lead to rather 
different energy values for this level. Figure 11.8(1) shows conclusively 
that the state must dissociate into a hydrogen atom in the ground state 
and into one in the first excited state. Figure 11.8(3) cannot be used to 
obtain the dissociation products, because the method of independent elec- 
tron orbits does not take into account the fact that for great interatomic 
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distances the electrons tend to distribute themselves onto the two dis- 
sociation products in a definite manner — ^in the present case so as to 
give two neutral atoms rather than a positive and a negative ion. In 
fact, in the Hartree approximation which is the same as the molecular- 
orbital approximation of Chapter 7, each electron moves independently 
of the instantaneous position of the other electron, and so it may be 
easily seen that this method must break down for great internuclear 
distances. On the other hand, Figure 11.8(3) brings out the fact that 



Fig. 11.8(4). Potential energy curves for hydrogen. The repulsion between the 

protons is included. 

the curves of and are closely related to each other. This leads 
us to suspect that the curve lies considerably lower than the ^Uu 
curve with, which it coincides in Figure 11.8(1). According to Fig- 
ure 11.8(3), the latter state may be obtained from the electron con- 
figuration {ls(Tg){2p7ru) which contains the higher Tu electron. Experi- 
mentally both the and the ^II^, curves are known. They are shown 
in Figure 11.8(4), together with the curve of the ground state and 
that of the repulsive state Corresponding to our expectation, the 
state lies lower than ^11^. At somewhat greater internuclear separa- 
tions the curve starts to rise, indicating the point where the Hartree 
approximation breaks down, and the energy level, instead of continuing 
along the energy curve of <Tu in Figure 11.8(3), turns toward the higher 
dissociation products shown by the termination on the right-hand side 
of the curve in Figure 11.8(1). This example shows that co-ordina- 
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tion schemes of individual electrons and of molecular states are both 
needed if we wish to represent the experimental results in even a quali- 
tatively satisfactory manner. 

The complexity of the methods just outlined increases considerably 
when applied to heavier molecules. But a classification of molecular 
levels seems hopeless without such a procedure. This classification has 
the same importance for an understanding of the chemical bond as the 
classification of atomic states has for an understanding of the periodic 
system. In the latter case information about excited atomic states 
leads to the prediction of the lowest states of the following atoms. For 
molecules, on the other hand, information about excited electronic 
states permits us to predict the appearance of bonding or antibonding 
electrons in the ground state of molecules carrying one or several addi- 
tional electrons. It can actually be shown that o-g, tt^, 5g, • • • electrons 
are bonding whereas (Tuj T^gj ^uj * * • electrons are antibonding. In this 
way, facts of spectroscopy and chemical binding are interrelated. 

11.9 SELECTION RULES IN DIATOMIC MOLECULES As in 
the previous sections we shall consider here only the rules valid for L-S 
coupling. 

The same rule holds for the spin in molecules as in atoms. Transi- 
tions with strong intensity occur only between levels of the same spin 
value, that is, the same multiplicity. Transitions between levels of 
different multiplicity are weak — ^for the lightest molecules extremely 
weak. Such transitions are again called intercombinations. 

In the allowed bands, simple selection rules hold for the angular 
momentum A. For atomic spectra it has been stated that the angular 
momentum L may change in transitions by the amounts 0, dzl. The 
same rule holds for essentially the same reason for A. If the change in 
A is zero, then the initial and final wave functions have the same sym- 
metry with regard to rotations about the molecular axis. In this case 
transition can occur only if the vibrating electric dipole responsible for 
the transitions does not disturb the axial symmetry, that is, if the dipole 
is parallel to the molecular axis. Such transitions are therefore called 
parallel transitions. On the other hand, transitions with A = ±1 
occur between levels which have different symmetry with regard to 
rotations. To make such a transition possible, the radiating or absorb- 
ing dipole must disturb the axial symmetry, and one can show that it 
must be perpendicular to the axis. The corresponding bands are called 
perpendicular bands. We shall see later that parallel and perpendicular 
bands can be experimentally distinguished from each other because of 
the difference in their rotational structure. 
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For diatomic molecules consisting of two different kinds of atoms the 
only additional selection rule is that 2"^ and 2“ levels do not combine. 
For homonuclear molecules only transitions between g and u states are 
allowed, those between g and g states and u and u states are forbidden. 

Among the permitted transitions we can make a further selection of 
those combinations which are apt to occur with greatest intensity. As 
in atoms we will expect above all such transitions in which only one elec- 
tron changes its orbit and where the selection rules applied to the sym- 
metry character of this one electron are not violated. (For instance 
<Tg — TTu transitions are allowed but <Xu ““ h '^g ““ '^g transitions are 
forbidden.) One kind of transition which is apt to occur with particu- 
larly great intensity is one in which the electronic configuration remains 
unchanged except that a bonding electron goes over into the correspond- 
ing antibonding state or vice versa. In such a transition the electronic 
wave functions in the initial and final states differ essentially in the 
same manner as the two lowest functions of a two-minimum problem 
(see section 7.9) differ from one another. Thus the electron transition 
corresponds to a vibration of the electron between the two minima or, 
specifically, between the two atoms. This vibration gives a large radiat- 
ing dipole and consequently a strong transition probability. 

11.10 VIBRATIONAL STRUCTURE OF ELECTRONIC TRAN- 
SITIONS Transition between two electronic states may be accom- 
panied by various changes of the vibrational quantum number. As is 
seen later, a definite electronic and vibrational transition further con- 
sists of a number of rotational lines which, except in the H 2 spectrum, 
are spaced closely enough so as to give at low resolutions the appear- 
ance of a band. (Hence the name of band spectra for molecular spec- 
tra.) Bands belonging to the same electronic transition but to different 
vibrational transitions form a band system. The classification of the 
molecular spectral lines into bands and band systems is a natural one 
because electronic energies are great compared to vibrational energies, 
and these in turn are great compared to rotational energies. ^ 

For vibrational transitions in electronic spectra no such simple and 
stringent rules hold as for pure vibrational transitions. In the latter 
only changes by one quantum number occur with great intensity. In 
an electronic spectrum, on the other hand, the most intensive vibra- 
tional transition may be one in which the vibrational quantum number 
has remained unchanged or one in which a change of many quanta has 
occurred. At the same time many vibrational transitions may occur 
for the same electronic transition; that is, a band system may contain 
many bands. The reason for the difference between the electronic- 
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vibrational transitions and the pure vibrational transitions is that in 
the latter the nuclei move in the same potential in the initial and in the 
final states, whereas in the former the average potential due to the elec- 
tronic motion has changed during the transition so that the nuclei are 
subjected to different forces before and after the transition. 



Fig. 11.10(1). Transitions between vibrational levels of different electronic states 
in a diatomic molecule. (Franck-Condon principle.) 

The changes of vibrational energies occurring in electronic transitions 
can be systematized by the simple rule that during an electronic transi- 
tion neither the positions nor the momenta of the vibrating nuclei have 
time to undergo an appreciable change. This statement was first made 
by Franck on an intuitive basis and then proved by Condon on the basis 
of quantum mechanics (Franck-Condon principle). 

The curves in Figure 11.10(1) show the potential energy of the nuclei 
as a function of the internuclear distance r. As has been stated before, 
this potential energy is due to the repulsion of the nuclei and to the 
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average action of the electrons in their orbits. The curves Aj B, and C 
correspond to three electronic states, and the difference in potential 
energies is due to the different average action of the electrons. The vi- 
brational levels are indicated by horizontal lines in the potential curves. 

We shall consider a molecule in the third excited vibrational state of 
the lowest curve, indicated by a heavier line. According to the laws of 
classical mechanics the vibrating molecule will spend a relatively long 
time near the turning points of the vibration where the vibrational 
velocity becomes equal to zero, so that if the vibrating particles are 
observed at a given instant we are apt to find them close to the maximum 
or minimum r value. The same is true in the quantum treatment of the 
vibration; except for the zero-point vibration the absolute maxima of 
the probability function \yp\^ occur close to the turning points, in our 
special case, the points ai and a 2 in Figure 11.10(1). In an electronic 
transition the nuclear position remains essentially unchanged. If by 
absorption of light the molecule is lifted from curve A to curve J5, and 
if the nuclei are caught near the position ui, they will land near the same 
position, that is, near hi on curve B. Near ai the vibrational velocity 
was close to zero, and therefore the vibration near hi will start with the 
relative velocity of the two nuclei practically equal to zero. We con- 
clude that the molecule is lifted by the absorption into a vibrational 
state whose energy level crosses curve B near hi. This state is indicated 
in the figure by a heavy line. It is the fourteenth excited level rather than 
the third, so that a considerable change in vibrational quantum number 
has occurred. The electronic transition can occur with practically 
equal probability from the point a 2 . Then the molecule arrives at the 
point & 2 - The zeroTh vibrational level which is reached in this way is 
again represented by a heavier line. 

One often finds that transitions occur from a single initial vibrational 
state into a long sequence of final vibrational states. This is to be ex- 
pected if the potential curve in the final electronic state is steep near 
one of the turning points of the initial vibrational state. In this case 
the turning points of several final vibrational states will lie close to the 
turning point of the initial vibrational state, and transitions to all these 
states may become strong. It is furthermore not certain that the transi- 
tion will start from a point near ai or a 2 . If the transition occurs near 
the minimum of curve A, the vibrational velocity in the initial state 
will be greater, and the nuclei will arrive in the curve B with a relatively 
high velocity. In this way additional transitions to levels of curve B 
can occur. 

An actual calculation of the transition probabilities involves the 
detailed vibrational wave functions. These more complicated calcula- 
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tions explain characteristic fluctuations in the band intensities. Thus it 
may happen that transition to a vibrational level occurs with high in- 
tensity; the band carrying one more vibrational quantum in the excited 
state may be quite weak, and the band carrying one additional quantum 
may be again strong. The simple consideration just given is a qualita- 
tive but nevertheless useful guide which allows us to find the approxi- 
mate changes in vibrational quantum number occurring with the highest 
intensity. 

In an electronic transition from curve A to curve C the vibrations 
behave in an entirely different manner. The curves A and C differ from 
each other only by a constant shift in energy. Both the shapes of the 
curves and the r values for which the minima occur are the same. The 
same simple construction being used as previously, transition from 
points ai and a 2 lead to the points ci and C 2 which are the terminal points 
of the third excited vibrational level in the C curve. In fact, every 
detail of the vibration in the third level of the A curve is the same as in 
the third level of the C curve, and the vibrational wave functions are 
also the same. Under these specialized conditions only such transitions 
occur in which the vibrational quantum number remains unchanged 
during the transitions.* In the case just discussed no vibrational 
structure would appear at all since the vibrational energies in the initial 
and final state are the same, and therefore the transition between the 
two zero^th levels has the same frequency as the transition between the 
two first levels, between the two second levels, and so on. This is of 
course an idealized case in that the two potential curves are assumed to 
be exactly equal. A case frequently encountered in absorption or emis- 
sion spectra is one in which the two combining curves have minima at 
closely equal r values but have different shapes. In general, the vibra- 
tional frequencies will be different in the upper and lower curves, and so 
the bands corresponding to the 0—0, 1 — 1, 2 — 2, ••• vibrational transi- 
tions do not coincide. But the band system will still preserve the simple 
appearance of a relatively closely spaced group of bands as long as the 
equilibrium positions in the initial and final states do not differ greatly. 

11.11 DISSOCIATION ENERGIES Although th^ facts mentioned 
in the previous section permit inferences about the shapes of the poten- 
tial curves and the positions of their minima, even more important re- 
sults may be obtained from the spectrum concerning the behavior of 
the potential energy curves at very great r values. As soon as r is suffi- 
ciently great, the molecule may be said to have separated into two 

*This rule is strictly valid except for the usually weak influence of the inter- 
nuclear distance on the electronic transition probability. 
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atoms. Thus at great distances the energy becomes equal to the sum 
of the energies of the two separate atoms. The difference between the 
asymptotic value which the energy approaches as r approaches infinity 
and the energy of the minimum of the potential curve is the dissociation 
energy. The most direct method of obtaining information about dis- 
sociation energies from molecular spectra is to study the appearance of 



Fig. 11.11(1). Molecular transitions leading to a discrete state and to dissociation. 

continua in the spectra. In the potential curve C of Figure 11.11(1) a 
number of vibrational levels are shown, the highest one of which lies 
very close to the dissociation energy. Above the dissociation energy 
indicated by the letter d the nuclear motion may possess any amount of 
energy. Strong transitions from the third vibrational level of curve A 
(drawn as a heavy line) lead to the second vibrational level of curve C 
and also to a level within the continuum adjoining the vibrational levels 
of C. (This final energy state is also drawn as a heavy line.) Of course, 
transitions are possible from the neighborhood of ai into the neighbor- 
hood of Cl, and so a finite portion of the continuum appears in the spec- 
trum. If the transition leads to a repulsive curve, the spectrum is 
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always continuous. Such would be the case in a transition from curve 
A to curve B in Figure 11.11(1). 

From the presence of a continuum we can merely conclude that 
absorption of light led to dissociation. It is of further interest whether 
the atoms obtained in this process are in their ground states or in an 
excited state; we may ask furthermore, how much kinetic energy do 
the atoms carry as they fly apart? The state of excitation of the dis- 
sociating atoms must be decided by a more extensive study of the 
spectrum and possibly by using co-ordination schemes. The question 
concerning the kinetic energy may be answered by direct observation if 
a transition in the spectrum leads to the region of Ca in Figure 11.11(1) 
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Fig. 11.11(2). Drawing showing an absorption limit in the iodine spectrum. The 
black lines represent the absorption bands. 

where the C curve and the dissociation energy d intersect. Then transi- 
tions will occur to discrete vibrational states below the level d and also 
into the continuum above d. 

From the onset of the continuum the dissociation energy can be 
determined in a direct way. In Figure 11.11(2) a portion of the 1 2 ab- 
sorption spectrum is shown where the onset of the continuum is visible 
at a wavelength of 4990 A. which corresponds to 2.472 electron volts. 
The molecule dissociates at this point into an iodine atom in its ground 
state and another one with the known excitation energy of 0.937 elec- 
tron volt. While these dissociation products are obtained from the 
potential curve in the upper electronic state, the lower electronic state 
can be shown to dissociate into atoms in the ground state. The disso- 
ciation energy in this state can be obtained as a difference of the energy 
corresponding to the frequency of the limit of continuous absorption 
and the excitation energy of the iodine atom obtained in the dissocia- 
tion. The former energy is 2.472 volts which gives with the excitation 
energy of 0.937 volt the dissociation energy of 1.535 volts. In Figure 
11.11(3) the magnitudes just mentioned are shown. The energy cor- 
responding to the continuous limit is F, the excitation energy is E, and 
their difference, the dissociation energy, is D. The dissociation energy 
is counted from the zeroTh vibrational level; the corresponding dissocia- 
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tion energy is Dq. This value differs somewhat from De which is counted 
from the bottom of the potential curve but the relevant quantity in 
spectra as well as in thermochemistry is Dq. However, when molecules 
containing isotopes are compared, the vibrational frequency and with 
it Do will be different while De remains unchanged. 

We can determine dissociation energies by a more indirect and a less 
accurate method (the Birge-Sponer method) which, however, has the 



Fig. 1 1 . 1 1 (3) . Energies occurring in the spectroscopic determination of a dissociation 

energy. 

advantage of much wider applicability. This method is based on the 
change in spacing of the vibrational levels. In Figure 11.11(4) a poten- 
tial curve is shown with its vibrational energy levels. For the sake of 
clarity the total number of vibrational levels has been kept small. It 
may be seen that the spacing of the vibrational levels becomes closer 
as the energy increases. This behavior is the rule for diatomic mol- 
ecules. It can be understood by remembering that the energy differ- 
ence of two consecutive levels corresponds to the vibrational frequency, 
and the frequencies of higher-amplitude vibrations are lower because 
they penetrate into the flat region of the potential curve. As the vibra- 
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tional energy approaches the dissociation level, the frequency and also 
the energy difference between two neighboring levels approach zero. 
The dissociation energy can be obtained if a sufficiently great number 
of vibrational levels are known to permit extrapolation to the point 
where the energy difference of two consecutive levels vanishes. Results 
of this method are of course all the more reliable, the greater the num- 
ber of vibrational levels that are known experimentally and the greater 
the regularity shown by their spacing. The extrapolation is greatly 



Fig. 11.11(4). Convergence of vibrational levels near dissociation. (Birge-Sponer 

method.) 

facilitated by the fact that the number of vibrational levels in most of 
the potential curves is finite. It can be shown that, if the potential 
curve behaved as 1/r at great distances, infinitely many vibrational 
levels would be obtained in analogy to the infinitely many electronic 
levels in the 1/r potential of the hydrogen atom. In this case extrapola- 
tion to the dissociation energy is more difficult. But this happens only 
if the dissociation products are ions.* If the molecule dissociates into 
neutral atoms, the potential curve approaches the dissociation energy 
more rapidly, and only a finite number of vibrational levels are found. 

* More accurately an infinite number of vibrational levels is found if the curve 
approaches the dissociation energy less rapidly than (where fi is the re- 

duced mass), and a finite number of levels is found if the dissociation energy is 
approached more rapidly. 
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In that case it is easier to obtain the dissociation energy by extrapola- 
tion. 


11.12 THE ROTATIONAL STRUCTURE IN DIATOMIC MOL- 
ECULES The rotational structure superposed on the electronic and 
vibrational frequencies differs from the rotational structure in infrared 
spectra in one important respect. In the latter spectrum the moment 
of inertia is closely similar in the initial and final states. In a spectral 
transition the angular momentum does not change greatly. Therefore 
the rotational velocity in infrared spectra is similar in the initial and 
final states. This rotational velocity can be pictured as a classical rota- 
tion, and the shape if not the fine structure of the infrared rotational and 
vibrational-rotational bands can be obtained from classical considera- 
tions. In the electronic spectra the equilibrium distances and therefore 
the average moments of inertia differ often greatly in the initial and the 
final states. The angular momentum remains again almost the same, 
so that this time the angular velocities may be considerably different in 
the two combining states. Therefore we cannot select a single angular 
velocity which can be used to give a classical description of the influence 
of the rotation on the spectrum. The rotational structure must be dis- 
cussed in terms of energy levels, selection rules, and transition prob- 
abilities. 

The rotational energies of a diatomic molecule are * 


h^J{J + 1 ) 1 


11 . 12 ( 1 ) 


Here J, the rotational quantum number, can be any positive integer or 
zero, fjL is the reduced mass of the molecule, h is Planck^s constant, and 

-4 is the inverse square of the interatomic distance averaged over the 

vibration. This average value is in general different for the initial and 
the final states. In the following discussion we shall write the rotational 
energy as 

hBJ{J + 1) 11.12(2) 

where B stands for the factor “ in equation 11.12(1). The quan- 

OTT fJL T 

tities B and J for the upper and lower electronic states in an electronic 
transition are distinguished by using a single and a double prime. 

The selection rules for J are essentially the same as the selection rules 
for the total angular-momentum quantum number of an atom. The 
* In this expression the influence of the electronic angular momentum is neglected. 
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permitted changes in J are +1, 0, and —1. In addition, the transition 
is forbidden if J' = /" = 0. While these selection rules are of general 
validity, further approximately valid rules are useful in obtaining infor- 
mation about the symmetries of the electronic functions of the combin- 
ing states. It has been stated in section 11.9 that electronic transitions 
are permitted only if A, the electronic orbital angular momentum about 
the molecular axis, changes by +1, 0, or — 1. Now whenever A remains 
unchanged the transitions with J' — J" = 0 are much less intense than 
the transitions with J' — J" = zbl. In the terminology introduced in 
section 10.9 the P and R branches are much more intense than the Q 
branch. If A is zero in both the combining states (S — S transition) 
the Q branch is completely absent. (J' -- J" = 0 is forbidden.) This 
behavior is essentially the same as found in the infrared vibrations of 
diatomic molecules where the electronic dipole vibrates in a direction 
parallel to the molecular axis. It was stated in section 11.9 that in the 
S~S, n-n, A-A, • • • transitions the vibrating electronic-dipole moment is 
parallel to the molecular axis (parallel bands). Thus a similarity of 
rotational selection-rules is not surprising. In those transitions in 
which A changes by db 1 the vibrating electronic dipole is perpendicular 
to the molecular axis (perpendicular bands, see section 11.9). In this 
case Pf Q, and R branches (J' — J" = 0, ±1) appear with comparable 
intensities in close analogy to the appearance of these branches in the 
vibration-rotation bands of linear polyatomic molecules in which the 
vibrating dipole is perpendicular to the axis. 

In order to find the position of the rotational lines relative to the 
frequency due to the electronic and vibrational motions, we subtract 
hB"J"{J" + 1) from + 1) and divide by h. For the P branch 

in which J" = J' + 1 we obtain for the rotational frequencies 

B'J'iJ' + 1) - H"J"(J" + 1) = 5'J'(J' + 1) - B"(J' + 1)(J' + 2) 

= (H' - B")J'^ - (3J5" - B')J' - 25" 11.12(3) 

For the R branch where J" = /' — 1, we have 

B'J'iP + 1) - 5"J"(/" + 1) = (5' ~ 5")/'2 + (5' + 5")J' 11.12(4) 

and the frequencies for the Q branch, where J" = are 

5'J'(J' + 1) - 5"/"(/" + 1) = (5' - 5")J'2 + (S' - S")/' 11.12(5) 

In all three branches the frequencies for high J values increase (or de- 
crease) as If the equilibrium distance in the upper electronic state 

is greater than in the lower electronic state, then \ in equation 11.12(1) 
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is likely to be smaller for the upper electronic state, and 5' is smaller 
than 5". In this case the rotation for high J values gives a negative 
contribution to the frequency, and the corresponding rotational lines 
extend toward the red end of the spectrum. The bands are said to be 
shaded off toward the red. If, on the other hand, the equilibrium dis- 
tance is smaller in the upper electronic state, then B' is greater than 5", 
the rotational lines extend towards the short wavelengths, and the 
bands are said to be shaded off toward the violet. 

The appearance of the bands actually shows this fading out toward 
the red and toward the violet. But in the opposite frequency direction 
the bands terminate sharply; this end of the band is referred to as the 
head. The occurrence of a head can be understood from the foregoing 
equations. Let us suppose that is greater than B'. Then the rota- 
tional contributions in the R branch are positive for low J' values and 
become negative only for high J' values. Thus the beginning of the R 
branch proceeds toward the violet. At the approximate value J' ~ 
+ B' 

— a maximum shift toward the violet is reached. For higher 

— B ) 

J' values the lines proceed toward the red. Near the violet end, where 
the direction in which the lines proceed is reversed, there is an accumula- 
tion of lines which brings about the phenomenon of a sharp head. 

The band heads are striking and easily measurable, but investigation 
of other regions in the band yields more useful information about the 
molecule. Near the head the lines are most crowded and most difficult 
to resolve. But resolution of the lines is needed to calculate the moment 
of inertia and the average distance of nuclei in the two electronic states. 
These quantities not only are interesting in themselves but also help in 
recognizing a common electronic state occurring in two different band 
systems. 

In the analysis of the rotational structure one of the most important 
points is to locate the pure electronic vibrational frequency, the so-called 
zero line, and to investigate the rotational lines close to the zero hne. 
It can be shown that, depending on the electronic angular-momentum 
quantum numbers of the combining states, a certain number of rota- 
tional lines are missing in the neighborhood of the zero line. In S-S 
transitions of the simplest type one line is missing (namely the zero line 
itself), in S-n two lines, in H-II transitions three lines, and so on. This 
peculiarity can be derived from the fact that the total angular-momen- 
tum quantum number J of the molecule can never be smaller than the 
electronic quantum number A. It may be seen that not only can per- 
pendicular and parallel bands be distinguished on the grounds of the 
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presence or absence of a strong Q branch, but also the specific kind of 
electronic transition may be determined by a close study of the neigh- 
borhood of the zero line. 

The rotational structure described in the foregoing is the one obtained 
for most molecules in the singlet state. We have omitted in the discus- 
sion the interaction energy between the rotation of the electrons around 
the molecular axis and the rotation of the molecule as a whole. If this 
interaction is taken into account and if the total electronic spin is dif- 
ferent from zero, that is, if we are dealing with a doublet, triplet, etc., 
state, further complications arise in the rotational structure. The spin 
may be coupled to the electronic orbital angular momentum A (Hund’s 
case a), or through gyroscopic effects to the total angular momentum J 
(Hund^s case 6). If the spin is coupled to A, doublet, triplet • • • systems 
will have the appearance of 2, 3, • • * bands with 2, 3, • • • zero lines and 
2, 3, • • • heads. If, on the other hand, the spin is coupled to J, one band 
appears with double, triple, • • • branches all originating closely from 
the same zero line. Further complications arise sometimes from the 
fact that for low J values the spin may be coupled to A, whereas, follow- 
ing a region of transition, for high J values the spin is coupled to J. 

These coupling cases are but a few among several possibilities. How- 
ever, the theory appears to be relatively simple when we consider the 
number and complexity of spectra explained. And the method is fully 
justified by the body of reliable data obtained about diatomic molecules 
including those stable in the ordinary chemical sense as well as those 
unobservable by other than spectroscopic means. 

11.13 ELECTRONIC SPECTRA OF POLYATOMIC MOLECULES 
Though the same general rules apply to the spectra of polyatomic mol- 
ecules as to the spectra of diatomic molecules and atoms, yet for practical 
reasons these spectra must be treated in a rather different manner. One 
of the significant differences is that a polyatomic molecule can dissociate 
in several ways, and for this reason dissociation continua are much more 
frequent in these spectra. For the same reason emission spectra cannot 
be produced so easily in an electric discharge since the conditions in the 
discharge are apt to destroy the molecule. Therefore most available 
information concerns absorption and sometimes fluorescence spectra of 
chemically stable molecules. 

The possible symmetries of polyatomic molecules are very great in 
number. They range from the axial symmetry of linear molecules 
through molecules containing reflection planes and rotation axes in 
various arrangements to the highly symmetrical compounds of tetrahe- 
dral and octahedral symmetry. It is possible to systematize these sym- 
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metries and derive electronic selection-rules for each symmetry type, 
but we shall limit ourselves here to a few general statements and to a 
few examples. The arbitrariness in selecting these examples is not very 
great, because there are only a few polyatomic spectra where a fairly 
complete analysis has been made. 

The vibrations have a more thorough influence in polyatomic spectra 
than in diatomic spectra. The reason is that the vibration of a diatomic 
molecule never changes the symmetry of the molecule whereas in every 
polyatomic molecule there exist vibrations, the nontotally symmetrical 
vibrations, which change the symmetry. Such vibrations may cause a 
violation of selection rules for electronic transitions which are based on 
the molecular symmetry or to be more exact on the symmetry of the 
equilibrium configuration. 

The rotations too have a different influence on spectra in polyatomic 
molecules. The greater moments of inertia of these molecules have the 
consequence that the rotational frequencies are smaller and the rota- 
tional structures are less extended and more difficult to resolve. The 
difficulties of resolution are increased by the great number of frequencies 
occurring in the complicated rotation of asymmetric top molecules. 
Nevertheless rotational structures of triatomic molecules have been 
analyzed successfully. 

11.14 SYMMETRY OF ELECTRONIC FUNCTIONS AND SE- 
LECTION RULES In this section we shall describe a few symme- 
try types of electronic wave functions, and we shall mention a few 
selection rules applicable to a relatively great variety of molecular 
symmetries. 

In polyatomic molecules as in diatomic molecules and atoms, transi- 
tions between states of different multiplicity are forbidden. This rule is 
violated to an increasing extent if the electron or electrons involved in 
the transition get close to a nucleus of high charge. 

We call electronic proper functions totally symmetrical if the wave 
function remains unchanged in all possible symmetry operations. One 
selection rule is that a transition from a totally symmetrical state into 
another totally symmetrical state is forbidden if the symmetry of the 
molecule is incompatible with a permanent electric dipole. 

Electronic states in molecules having a center of symmetry are called 
even or odd according to whether they retain or change their sign on 
reflection in the center. A selection rule essentially similar to rules 
about even and odd functions given in previous sections forbids transi- 
tions between even and even states and also transitions between odd and 
odd states. 
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There are in polyatomic molecules degenerate electronic states; that 
is, several wave functions may belong to the same energy, and symmetry 
operations change these wave functions into each other or into linear 
combinations of each other. Electronic degeneracy occurs only if the 
molecule possesses at least one threefold- or higher-symmetry axis. If 
only one such symmetry axis exists, no degeneracies higher than twofold 
exist. In such molecules we call the axis of high symmetry the figure 
axis. Molecules of higher symmetry such as tetrahedral or octahedral 
symmetry possess twofold and threefold degenerate states. We shall 
mention as an example one selection rule for these highly symmetrical 
molecules which permits an electronic transition only if at least one of 
the two combining states is threefold degenerate. 

Electronic transitions in polyatomic molecules may differ with regard 
to the orientation of the vibrating electronic dipole relative to the mol- 
ecule. This is a phenomenon analogous to the parallel and perpendicu- 
lar transitions in diatomic molecules. As an example we may mention 


that in 



C=0 the vibrating dipole may be parallel to the C-0 direc- 


tion, parallel to the H-H direction, or finally, perpendicular to both 
these directions. A molecule possessing a figure axis may have parallel 
bands, that is, bands with the vibrating dipole parallel to the figure axis, 
and perpendicular bands with the dipole perpendicular to the figure axis. 
A selection rule states that in parallel bands either both the combining 
states must be nondegenerate or both must be degenerate; in perpendicu- 
lar bands at least one of the combining states must be degenerate. 

The previous classifications and rules may serve as a sample of the 
theoretical results on polyatomic spectra. Those rules are derived and 
systematized by group theory which is the appropriate method of dis- 
cussing the connection between different symmetries and the effect of 
the symmetry operations on wave functions and dipole moments. 


11.15 STABILITY OF SYMMETRICAL POLYATOMIC MOL- 
ECULES A great number of molecules with high symmetry are known, 
and we would almost be led to the conclusion that, if the arrangement 
of atoms and valence bonds is compatible with a symmetrical configura- 
tion in a polyatomic molecule, the symmetrical configuration corresponds 
to the equilibrium position of the nuclei. 

Now it can indeed be shown for nondegenerate electronic states of 
polyatomic molecules that the S3unmetrical configurations correspond to 
equilibria though not necessarily to stable equilibria. More explicitly, 
the symmetrical configuration corresponds to a minimum or a maximum 
of the potential. Actually it occurs frequently that the potential is a 
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maximum, and the most S3unmetrical configuration is not a stable one. 
This is, for instance, the case for the linear symmetrical arrangement in 
H 2 O. But in a very large number of examples the potential has a mini- 
mum in the symmetrical configuration, and that configuration is stable. 

For degenerate electronic states, on the other hand, it does not follow 
that the symmetrical configuration corresponds to an equilibrium. De- 
generacy of the orbital motion of the electrons is due to the symmetry of 
the field in which the electrons move. Displacements which destroy the 
molecular symmetry split the orbital degeneracy. Thus near the sym- 
metrical configuration we shall find two or more potential surfaces rep- 
resenting the potential energy of the nuclei as a function of their con- 



r = 0 r = 0 

A B 


Fig. 11,15(1). Behavior of potential curves near a symmetrical configuration. 
A, Case of a nondegenerate wave function. B. Case of a degenerate wave function. 

figuration; these potential surfaces coincide in the symmetrical configur- 
ation but get separated in the regions near the S3nnmetrical configura- 
tions. This picture of potential surfaces must remain unchanged under 
all symmetry operations. For nondegenerate orbits it follows that the 
derivative of the potential surface vanishes in the symmetrical configura- 
tion and a maximum or minimum results. But for degenerate electronic 
functions we can only conclude that the picture of interpenetrating 
surfaces shall be symmetrically arranged. As a qualitative example we 
may consider Figure 11.15(1). In A a potential curve is given as func- 
tion of the displacement r. Symmetry around a point r = 0 requires 
that at r = 0 the derivative should vanish. On the other hand B shows 
two potential curves which intersect at r = 0 so that at this point de- 
generacy is established. Symmetry around r = 0 may be satisfied 
without a minimum occurring at that point simply by the assumption 
that interchanging positive and negative values of r interchanges the 
two potential curves. 

It may happen even for degenerate electronic states that symmetrical 
nuclear configurations correspond to stable equilibria. In particular, it 
can be shown that for a configuration where all atoms lie on a straight 
line all potential-energy curves have zero derivatives with regard to all 
nontotally symmetrical displacements. Thus hnear molecules may be 
stable even though the electronic state is degenerate. But in all other 
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types of molecules it can be shown that in the symmetrical configura- 
tion potential surfaces will intersect each other at finite angles so that 
the nuclei are not at equihbrium in the symmetrical configuration. It 
is of course possible that the angle at which the surfaces intersect is 
small, and the actual equilibrium might occur in special cases close to 
the symmetrical configuration. But we cannot expect that the equi- 
librium configuration should coincide exactly with the symmetrical one. 

A consequence of this theorem is that orbital-electronic degeneracy 
cannot persist in the equilibrium position of the molecule except if all 
atoms lie on a straight line. Indeed, degeneracy is to be expected only 
for symmetrical configurations, and it has been stated that for degen- 
erate states symmetrical configurations are unstable. 

Symmetrical configurations seem frequently to be stable even though 
the electronic orbits are degenerate. This is the case in many rare-earth 
salts where a rare-earth ion is found in a symmetrical surrounding in a 
crystal in spite of the fact that electronic degeneracy is present in the 
incomplete / shell. Symmetrical equilibrium configurations are found 
also for degenerate electronic states in excited molecules in which the 
degenerate electronic orbit is at a rather great distance from those 
nuclei whose asymmetrical displacements may cause a splitting of the 
degeneracy. In all these cases it is reasonable to assume that the cou- 
pling between the degenerate electrons and the nontotally symmetrical 
vibrations is small. Thus the equilibrium configuration may be sep- 
arated from the symmetrial configuration by a very small displacement. 
If this displacement is smaller than the amplitude of the zero-point 
vibration, then the molecule will be symmetrical for all practical purposes. 

Degeneracy due to electronic spin affects the equilibrium configura- 
tion to a varying extent according to the strength of the spin-orbit 
coupling. For weak coupling, that is, in the absence of heavy nuclei, 
the influence of the spin will be unimportant. But in the presence of 
heavy nuclei the coupling may become strong, and in this case spin 
degeneracy has a similar effect on the equilibrium positions as orbital 
degeneracy. There is one exception to this rule. If the number of elec- 
trons is odd, then twofold degeneracies are not split by any electric 
fields or by any displacements of nuclei. Such twofold degeneracies, 
therefore, do not make the symmetrical configuration unstable. Actu- 
ally such twofold degeneracies may be removed only by magnetic inter- 
actions. This peculiar behavior is due to the symmetry with regard to 
reversal of time direction (that is, the differential equations describing 
the motion of particles remains unchanged if t is replaced by —t). The 
twofold spin degeneracy is independent of the spacial symmetry of the 
molecule and persists if the molecule is distorted. 
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In linear molecules electronic degeneracy does not make the sym- 
metrical configuration unstable. But the splitting of energy levels by 
asymmetric displacements makes the molecular vibrations and the vibra- 
tional structure of the electronic bands very complicated. The elec- 
tronic states into which a degenerate state is split by the displacement 
of the nuclei have small energy differences. The usual simple scheme of 
separating the molecular energy into electronic, vibrational, and rota- 
tional energies is based on the different orders of magnitude of these 
energies. In the present case electronic- and vibrational-energy dif- 
ferences are similar and can no longer be separated. Thus a rather 
complicated scheme of electronic-vibrational levels results. 

11.16 VIBRATIONAL SELECTION RULES The vibrational 
structure of electronic bands in polyatomic spectra can be obtained 
from the same Franck-Condon principle which governs the vibrational 
structure of diatomic molecules. During the electronic transition no 
great change of the positions or velocities of the nuclei can take place. 
The consequences of this rule are simplest for allowed electronic absorp- 
tion bands. For sufficiently low temperatures we may assume that 
the molecule in the lower electronic state does not possess any vibra- 
tions. Absorption of light will throw the molecule into the higher 
electronic state with the nuclei still possessing the equilibrium configura- 
tion of the original electronic state. A vibrational motion will result, 
carrying the nuclei from the old equilibrium configuration toward the 
new one. This motion will have to be resolved into a number of normal 
vibrations. The excitation of each normal vibration depends on the 
question of how greatly the two equilibrium configurations differ with 
respect to the displacement of the normal vibration in question. If, in 
particular, the equilibrium configurations in the two combining states 
possess the same symmetry, then the vibration carrying the molecule 
from the old toward the new equilibrium configuration may be decom- 
posed into totally symmetrical normal vibrations. In fact, there is no 
reason for the molecule to deviate from its original symmetry at any 
time during the vibration. The initial and final states do not differ in 
any nontotally symmetrical displacement, and such vibrations are 
therefore not excited. 

From a single initial state transitions may occur — in polyatomic mol- 
ecules as in diatomic ones — ^to a whole sequence of vibrational states. 
In fact, the vibrational structure may be analyzed in general into as 
many sequences as there are normal vibrations affected by the elec- 
tronic transition. If the symmetry of the equilibrium configura- 
tions are the same in the two combining states, then the number 
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of sequences cannot exceed the number of totally symmetrical normal 
vibrations. 

The sequences just described include only the strongest vibrational 
transitions. Considerably weaker vibrational bands may be attributed 
to changes in quantum numbers in nontotally symmetrical vibrations. 
They occur if the form or frequency of these latter vibrations differ in 
the initial and final states. A more detailed consideration of the 'vibra- 
tional wave functions leads to the conclusion that in the simplest cases 
transitions in which only one nontotally symmetrical vibration is 
changed by one quantum number are forbidden. 

The effect of vibrations on the electronic transitions is important, 
because nontotally symmetrical deformations may remove electronic 
selection rules based upon molecular symmetry. We might suspect 
that if the molecule has an asymmetric equilibrium configuration in the 
final state the selection rules based on the symmetry of the initial state 
may cease to operate. This is, however, not so. According to the Franck— 
Condon principle, we can think of the electronic transition as occurring 
in the initial configuration of the nuclei, and therefore the initial con- 
figuration is the relevant one for the selection rules. Actual 'violation of 
selection rules may occur weakly owing to thermal excitation of an 
appropriate nontotally symmetrical vibration. Even the zero-point 
amplitude of such a vibration causes forbidden electronic transitions to 
appear with very small intensity. 

Forbidden transitions brought out weakly by a nontotally symmetri- 
cal vibration differ in their vibrational structure from allowed transi- 
tions. In the latter changes of nontotally symmetrical 'vibrations by 
one quantum number are forbidden, whereas in forbidden electronic 
transitions the specific nontotally symmetrical vibration which causes 
the breakdown of the selection rule must change by one quantum num- 
ber. As an example we may consider the weak electronic-band system 
in benzene having a frequency of approximately 40,000 cm.“^ This 
transition might be interpreted as a vibration of the electrons between 
the two Kekul6 structures. In quantum language the transition occurs 
between the ground state, the wave function of which can be symbol- 
ically written 



and an excited state with the wave function, 


11.16(1) 
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Just as in the case of the two-minimum problem discussed in Chapter 7, 
the transition between the sum and difference function corresponds to 
the oscillation of the electrons between the two configurations whose 
sum and difference enter in the wave functions. It may easily be seen 
that owing to the high symmetry of benzene this electronic vibration 
does not produce any dipole. But, if by a nuclear vibration the regular 
hexagon of benzene is deformed into an elongated hexagon, then the 
electronic oscillation does produce a small dipole. An analysis of the 
vibrational structure of the 40,000-cm.""^ benzene band shows that in all 
strong vibrational bands the nontotally symmetrical vibration of ap- 
proximately 600 cm.“^ which causes an elongation of the hexagon 
changes its quantum number by rtl. This fact is in agreement with 
our conclusions, and it can be used as supporting evidence that the 
upper electronic state of the 40,000-cm.“"^ band system actually has the 
electronic symmetry to be expected for the wave function 11.16(2). 
It may be seen that a vibrational analysis leads to conclusions about 
symmetries of electronic functions. The same purpose was achieved 
for diatomic molecules by an analysis of the rotational structure. 

11.17 COLOR AND RESONANCE The absorption spectra of 
most stable compounds lie in the ultraviolet. In fact, stability implies 
that no electron is easily removable and also that the molecule has no 
empty electron orbits of low energy which would cause the compound 
to have a high electron affinity. Thus much energy is needed to lift one 
of the firmly bound electrons into one of the loosely bound excited 
states. 

Most of the substances that absorb in the visible either are to some 
extent unsaturated or contain an atom with an incomplete inner shell. 
The latter is the case for inorganic salts containing colored ions like 
chromium. In this case the relatively small energy differences giving 
rise to the color are due to a regrouping of the electrons in the inner 
incomplete shell. Because of their shielded positions these electrons do 
not participate strongly in the chemical binding, and so a high degree 
of chemical stability is compatible with the presence of low excitation 
levels. In these transitions the excited level belongs to the same elec- 
tron configuration as the ground state. The difference lies only in the 
coupling between the electrons, most frequently in the resultant angular 
momentum of the ion. In such a case it is easy to show that the two 
states in question have the same parity (they are both even or both 
odd). Therefore transitions between these states are forbidden. Never- 
theless, the transitions occur though they have a small intensity. This 
may be due to the asymmetric surroundings of the ion which removes 
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the symmetry center. However, the effect of such external fields on the 
electrons of internal shells is not strong. The transition may also be a 
quadrupole transition for which even-even and odd-odd transitions are 
allowed. 

An absolute measure of the intensity is provided by the so-called 
/ value of the transition. The quantity / gives the ratio of the intensity 
of the transition to the intensity which would be observed if the transi- 
tion were due to a harmonically vibrating electron. The / values for 
colored metal ions are often about 10“^. But even such weak absorp- 
tions are capable of giving rise to very strong colors in the condensed 
state. 

Another extensive class of colored substances is that of the organic 
dyes. Here as in the case of benzene the color is often due to a transi- 
tion between two states resulting from the resonance of two or more 
electronic configurations. As in benzene a classical picture of the light- 
absorption process can be obtained by considering the electron distribu- 
tion as fluctuating between the resonating states. In benzene the 
transition lies in the ultraviolet and is furthermore forbidden. There 
are, however, many cases where a transition lies in the visible region 
and is allowed. This explains the extremely intense coloring of some 
organic dyes. 

As an example we shall consider the organic cyanine ion. The lowest 
electronic state can be written as a superposition of two electronic 
configurations: 
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11.17(1) 

The + sign between the two formulae means as usual that the wave 
function is a sum of the two wave functions crudely represented by the 
two valence pictures. An excited electronic state may be obtained by 
superposing the two wave functions with the — sign. A transition 
between the lower and higher electronic states draws its intensity from 
a dipole that can be pictured as a fluctuation of charge from one of the 
two chemical formulae to the other. Actually the empirical fact that 
organic dyes frequently can be equally or almost equally represented 
by two structural formulae has been known for a long time. Quantum 
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mechanics has shown that in such cases it is best to symbolize the 
ground state of the molecule as well as the upper state in the absorption 
process by a superposition of at least two structural formulae. As has 
been stated in Chapter 7, the energy of the lowest state is lowered by 
this resonance between two configurations of equal or not too widely 
different energies. This is due to the uncertainty principle according to 
which the average momentum and kinetic energy of the electrons may 
be lowered if their spacial distribution becomes less sharply defined. 
This lowering takes place, however, only if the electronic wave functions 
corresponding to the different structural formulae are superposed with 
appropriate phases. Actually the energy of the upper state in the char- 
acteristic absorption of dyes is increased rather than lowered by res- 
onance. 

According to the correspondence principle, the strong absorption of 
light in case of resonance is due to the oscillation of the charge between 
the two resonating configurations. The frequency of this oscillation is 
as a rule lower if the two electron configurations between which the 
oscillation takes place differ strongly from each other. In this case a 
longer time is needed for the more thorough regrouping of the electrons. 
As an example we may mention the next member in the homologous 
series of cyanine ions, the formula of which, in the ground state, may 
be written as 


/V\ H H H 

o=c— c=c— c' 


\/\n 

I 

C 2 H 5 




C 2 H 5 


+ 


/V 


s 


s 


\/\S^ 

i 

C 2 H 5 


H H H /■ 
C— C=C— C=C 

\ 


\/\ 




11.17(2) 


N- 

I 

C2H5 


Comparing this molecule with the one shown in equation 11.17(1), we 
see that with the lengthening of the carbon chain the charge is shifted 
during the resonance over a greater distance and that within the chain 
additional rearrangements are necessary as new carbon atoms are 
added. Actually the absorption of the bigger molecule lies farther 
towards the red, the center of absorption of the larger and smaller mol- 
ecules being, respectively, 18,000 cm.~^ and 24,000 cm."^ 
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There is a second difference between the ions of the dye molecules 
shown in equations 11.17(1) and 11.17(2). The second molecule which 
contains the longer chain has an appreciably stronger absorption spec- 
trum than the smaller molecule. The reason is that a bigger oscillating 
dipole is associated with the longer chain. 

The chain in the cyanine dyes may be lengthened by the insertion of 
H H 

additional | | groups. Each added group causes a decrease in 

— C=C— 

absorption frequency. Actually the frequency is inversely proportional 
to the length of the chain and seems to decrease toward zero with in- 
creasing chain length. At the same time an increase in absorption 
strength is observed. All this is in good agreement with our qualitative 
expectations. The time needed for the exchange of charges between 
the terminal groups should increase in proportion to the intervening 
substituents, and the frequency should decrease in inverse proportion. 
The length of the vibrating dipole and the strength of the absorption 
increase with the separation of the end groups between which the charge 
oscillates. 

Further support for the resonance picture is obtained if one considers 
ions in which the terminal groups are different. We consider the ion, 




Here a and are two numbers which multiply the wave functions indi- 
cated by the chemical s 3 unbols. Because of the lack of symmetry, it is 
no longer true that the two configurations occur with equal probability, 
and therefore a and /S are different. The excited state will be obtained 
by replacing, in equation 11.17(3), ahy p and /S by —a. 

H H 

Insertion of further | | groups causes a decrease in frequency, 

— C=C— 
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but, as the chain becomes longer, the frequency seems to approach 
20,000 cm."”^ rather than zero. This is easy to understand. For long 
chains resonance causes a small energy difference, but in case of dif- 
ferent terminal groups, as shown in equation 11.17(3), there remains an 
energy difference between the ground state and the first excited state 
which is due to the fact that a different energy is obtained if the charge 
of the ion attaches itself to one or the other of the end groups. Math- 
ematically the decreasing importance of the resonance is expressed by 
stating that, of the two quantities a and /?, one will vanish as the length 
of the molecule increases. Thus in the limiting case, the absorption 
corresponds to a transition from a state described by one of the chemical 
formulae given in equation 11.17(3) to a state characterized by the 
other formula. 

It is, of course, possible that two different terminal groups may attract 
the charge of the ion with approximately equal strength. Then the ion 
behaves as though the end groups were equal. The frequency approaches 
zero as the chain is lengthened, and in the wave function describing the 
lowest state of the ion we have a = This seems actually to happen 
when, in the ion shown in equation 11.17(3), the N-CO-CH 3 group is 
replaced by NH. 

Any attempt to work out the quantitative theory of these resonating 
ions results in finding that the explanation of light absorption by dyes 
as previously given is oversimplified. It is not sufficient to consider just 
two valence formulae in describing the electronic states of the molecule. 
According to the previous simple representation it would be, for instance, 
impossible to understand why a charge resonating between two veiy dis- 
tant points still gives rise to a fairly high visible frequency. If, as im- 
plied by the simple picture used here, the energy would be considerably 
higher whenever the charge is in between the two positions indicated by 
the two valence pictures, then the resonance would require the tunnel- 
ing of the charge through a broad potential barrier. With the broaden- 
ing of the barrier, the frequency of the transition should soon shift into 
the infrared and should approach zero much more rapidly than is actu- 
ally the case. The tendency of organic dyes to give rise to fairly high 
frequencies requires that intermediate positions of the charge and in 
general partial regroupings of the electrons leading from one of the 
resonating states to the other shall not have much higher energies than 
the two resonating states considered in the beginning. Rather than 
being forced to consider a whole series of resonating states, it is often 
better to represent such molecules by the molecular-orbital picture. 
According to the latter description, electrons can move more or less un- 
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hindered through the whole molecule. It is interesting to point out in 
this connection that resonance between two regions of a bigger molecule 
requires as a rule that these two regions shall be connected through 
an uninterrupted chain of conjugated double bonds. An inter- 
ruption in such a chain would mean from the point of view of 
resonance that in regrouping the electrons an intermediate state 
of considerably higher energy will occur or else that we have to 
consider a direct interaction between states of strongly differing elec- 
tron configurations. 

We arrive at the same conclusion if we consider the problem from the 
point of view of the molecular-orbital approximation. It must be 
remembered that this approximation is best adapted to the more loosely 
bound double-bond electrons. A saturated carbon atom which inter- 
rupts a chain of conjugated double bonds acts as a potential barrier on 
the molecular orbits of the double-bond electrons. This is so because 
near a saturated atom all the low-lying orbits are already occupied by 
single-bond orbital functions which are best considered as localized. 
Thus an intermediate saturated link in an unsaturated chain might 
greatly reduce the effects of resonance so that only small energy dif- 
ferences and small absorption frequencies are obtained. 

The properties and the absorption of resonating organic ions can be 
considerably influenced by solvation effects. Solvation energies are in 
general not simply proportional to the average charge on the solvated 
ion. In fact, solvation energies for positive and negative ions have the 
same sign, and one should, therefore, expect that solvation energies are 
proportional to the square of the charge [compare equation 6.8(1)]. In 
the molecule represented by equation 11.17(1) the average charge on 
each of the two N atoms is one half of the elementary charge. In the 
absence of resonance one of the N atoms would have one charge, and 
the other would be neutral. The hydration energy in this latter case is 
different, most probably higher than the hydration energy in the res- 
onating state. Thus solvation may stabilize one of the two resonating 
structures. 

The theory of acid-base indicators is closely related to the effects of 
solvation on resonance. But in the case of indicators the resonating ion 
interacts with another ion in the solution and this ionic interaction is as 
a rule considerably stronger than the effects of solvation. Let us con- 
sider the two positions in the resonating ion which compete for the 
charge of the ion. If an ion of the opposite charge approaches one of 
these positions, the charge of the dye ion gets localized near the charge 
of the approaching ion, resonance is removed, and the color of the com- 
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ture vanishes. If r becomes shorter even than the period of a vibration, 
then the breadth exceeds even the distance between vibrational bands, 
and a structureless continuum is obtained. Actually the minimum time 
needed for the atoms to get apart cannot be expected to be much shorter 
than the vibrational period. 

One necessary condition for predissociation to occur is for the molecule 
to have sufficient energy to dissociate. For this reason upper limits for 
dissociation energies may be obtained from observation on predissocia- 



Fig. 11.18(1). Stable molecular energy levels possessing energy in excess of the dis- 
sociation energy. 

tion. But the energy of a state may be above the dissociation limit, 
and yet predissociation may fail to occur. In Figure 11.18(1) the vibra- 
tional level Ia on the potential curve A has a considerably higher energy 
than two separate atoms in the ground state whose energy has been 
chosen as the zero of the ordinate. But the level Ia lies on a potential 
curve which does not dissociate into two atoms in the ground state. As 
long as the electronic motion proceeds in the instantaneous field of the 
nuclei and the nuclear motion in the average field of the electrons, an 
unperturbed molecule behaves as though no other potential curve 
existed except the one in which the molecule happens to be found. Thus 
no dissociation or predissociation is to be expected from the vibrational 
level Ia, If the molecule is found on the potential curve 5, it may dis- 
sociate into atoms in the ground state. From the vibrational level h 
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predissooiation might occur, because this level lies higher than the dis- 
sociation energy belonging to the curve B. Curve B has been assumed 
to have a somewhat unusual shape in that the potential goes through a 
maximum. If, as has been shown in the figure, h lies far below the 
maximum of the curve, the nuclei must pass through a considerable 
barrier before dissociation can occur. This requires a tunnel effect 
which takes a long time and leads to an unobservably small broadening. 



Fig. 11.18(2). Intersection of potential curves illustrating a possible reason for pre- 
dissociation. 

Only if the vibrational level lies immediately below the maximum, can 
we expect that the tunneling has a sufficiently high probability to cause 
a perceptible broadening. If then the energy is increased by a further 
small amount, the dissociation may occur over the top of the barrier 
rather than through the barrier. Then dissociation occurs within one 
vibrational period, and a true structureless continuum arises. In the 
case just discussed, the continuum will persist in the curve B for all 
vibrational energies high enough to carry the molecule over the max- 
imum. 

A different behavior of the potential curves must be assumed in order 
to explain predissociation restricted to a certain spectral region with 
sharp lines of the same band system occurring at both lower and higher 
frequencies. In Figure 11.18(2) are shown two potential curves A and 
B which cross at point P. An electronic transition leading into curve A 
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gives rise to a continuum. A transition leading to curve B gives rise to 
a discrete spectrum in which, however, some lines may be broadened, 
owing to the fact that at point P the molecule may go over from curve 
B to curve A. Then dissociation will take place. The rule that a mol- 
ecule must not change from one potential curve to another is actually 
derived from the separation of the molecular motion into an electronic 
and a nuclear part (compare Chapter 4), and this is justified only as 
long as the frequency of the nuclear motion remains small compared to 
the frequency of the electrons. If two potential curves intersect, an 
electronic energy difference, and with it an electronic frequency, be- 
comes equal to zero. Therefore in the region of the intersection, nuclear 
and electronic motions can no longer be separated, and a transition from 
one potential curve to the other becomes possible. 

In discussing co-ordination schemes we have seen that as a rule two 
potential curves in which the electronic wave functions have the same 
symmetry and in which the total electron spin (multiplicity) is the same 
do not intersect. On the other hand, the interaction between two elec- 
tronic states of different symmetry or of different spin is in first approxi- 
mation zero. An interaction has to be established in order that a tran- 
sition from the potential curve B to the potential curve A may occur. 
Such an interaction may be caused for curves belonging to different 
multiplicities by the spin-orbit coupling, and for some states differing 
in symmetry properties by the interaction of molecular rotation and 
electronic motion. The interaction can be represented by changing the 
potential curves in such a way as to avoid an actual intersection. In 
Figure 11.18(3) the behavior of the potential curves near the point of 
intersection P is shown in detail. The original curves A and B are 
shown by the broken lines together with the adjoining parts of the solid 
lines. The sharply bent parts of the solid lines near P represent parts 
of the potential curve which are strongly affected by the interaction 
between the original unperturbed curves A and B, On the left-hand 
side of the upper curve, the electronic-wave function is the one char- 
acteristic of curve A. On the right-hand side of the upper curve, the 
electronic-wave function is the one belonging to B, The reverse state- 
ments can be made about the left and right sides of the lower curve. 
When the solid upper curve approaches P, its electronic wave function 
changes to a superposition of the wave functions characteristic of A and 
characteristic of P, and the wave function for the lower solid curve in 
this region is a different superposition of the same original functions. 

If during the molecular oscillation the molecule passes through the 
neighborhood of point P very slowly, then the molecules follow the solid 
potential curves. In this case transition from an A-like portion to a 
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B-like portion is a certainty. If on the other hand the internuclear dis- 
tance changes rapidly, the electronic wave function cannot change over 
from the B state to the A state sufficiently rapidly, and the molecule 
will follow the broken curve. Which of the two paths will be taken with 
greater probability depends on the ratio of two time intervals: the time 
spent by the molecule in one transition near P and the period of the 
electronic vibration at P. The former time is d/v where d, as shown in 
Figure 11.18(3), is the distance throughout which the two curves are 



Fig. 11.18(3). Behavior of potential curves near an intersection. 

close to each other, and v is the relative velocity of the two nuclei. The 
period of electronic vibration at P is h/ (27r AP) where APis the minimum 
energy difference between the two curves. If the time of transition is 
the longer one, the molecules remain on the potential curves indicated 
by the full lines, and the situation is the same as though the potential 
curves were far apart. If the period of the electronic vibration is 
greater, the molecule behaves as though AP were zero and as though 
the curves actually crossed. If the two times are comparable, either 
path can occur with the probabilities depending on the actual ratio of 
the two times. 

The foregoing discussion explains the peculiar fact of predissociation 
restricted to a certain special region. If in Figure 11.18(2) the vibration 
in curve B has just enough energy to reach point P, then the interatomic 
distance will change slowly near that point, and a transition to the re- 
pulsive curve can occur with great ease. Thus predissociation is to be 
expected. For lower energies P is not reached, and no predissociation 
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occurs. For higher energies the atoms move fast through P, and a 
transition into curve A is improbable. Thus sharper bands are obtained 
for increasing vibrational energies. 

An example of one type of reaction of two atoms in which transitions 
between two curves should be considered is the reaction between an 
alkali atom and a halogen atom. The potential curves for this reaction 
are shown in Figure 11.18(4). The curves in the figure approach, on 



Fig. 11.18(4). Lowest potential curves for an alkali-halide molecule."' 

the right side, the energy of the dissociation products. The lower level 
corresponds to two neutral atoms while the upper lever represents the 
energy of a positively charged alkali and a negatively charged halogen 
ion. The order of the two curves at great distances corresponds to the 
actual situation for all alkali halides excepting caesium fluoride for 
which case a separated Cs"^ and F” ion have a lower potential energy 
than the two separated neutral atoms. As the interatomic distance 
decreases, we proceed from the extreme right of the figure toward the 
left. In the ionic state the long-range attraction between the ions 
causes a lowering of the upper curve while the lower curve still runs 
practically horizontally. At the point P the curves cross. The ionic 
curve continues to fall as a result of the coulomb interaction until finally 
at small distances repulsion sets in so that a stable minimum is formed. 
The atomic curve continues to be almost horizontal until the two atoms 



284 


ELECTRONIC SPECTRA 


touch and commence to repel each other. The main features here 
described are supported by spectroscopic evidence. 

Both curves in Figure 11.18(4) can be shown to correspond to 
states. According to the general statements made previously, the two 
curves should not cross. However, two curves will come very close to 
crossing each other, not only if the two electronic states differ in their 
symmetry properties or in their spin, but also if the two electronic 
states differ sufficiently strongly in another characteristic such as the 
position of an electron. In the present instance the ionic and atomic 
states differ from each other mainly in the position of one electron, and, 
as long as the two atoms are far apart, the difference in the electronic 
position is great. Thus we cannot expect that a crossing of the two 
curves is avoided to an appreciable extent if the crossing point lies at 
a great value of the abscissa. In fact, it is plausible to assume that the 
ionic curve is not greatly affected at the point P by the circumstance 
that a state of the same energy can be formed by detaching an electron 
from the negative ion and transferring tliis electron to the distant posi- 
tive ion. Actually at point P a resonance exists between the ionic and 
atomic states, but the influence of this resonance is small since it can be 
established only by a tunneling of the electron between two distant 
positions. Thus the two curves will actually avoid each other at P, but 
their closest approach AP is equal to h/2Trt where t is the long time re- 
quired for the tunneling of the electron from the one atom to the other. 

It will be interesting to reconsider from our present point of view the 
concept of an ionic molecule. If we start from the equilibrium con- 
figuration of an alkali halide and separate the two atoms very slowly, 
we shall obtain not two ions but two neutral atoms as dissociation 
products. This is so because at P the two curves avoid each other just 
as has been shown in Figure 11.18(3), and, approaching on the lower 
curve, we always will leave the region of P on the lower curve. We 
might argue therefore that the alkali halides are atomic molecules be- 
cause with the exception of caesium fluoride they dissociate into atoms. 
But in order to obtain atoms as dissociation products, we must pass 
the point P at a sufficiently low speed to allow sufficient time for the 
tunneling of an electron from one atom to another. .In most actual ex- 
periments the speed of the atoms will not be slow enough to allow the 
tunnel effect to take place, and in this case the dissociation will proceed 
further along the ionic curve. It seems therefore more reasonable to 
talk about ionic molecules whenever the lower state remains an ionic 
state for internuclear distances greater than the sum of the ionic radii 
and if a possible radiationless transition to an atomic curve can only 
occur at a great interatomic distance. But this definition, though more 
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reasonable, is less clear-cut since the question remains open what inter- 
nuclear distance shall be considered as great. 

In the spectra of polyatomic molecules predissociation is even more 
frequent than in diatomic molecules. Some of the reasons are: The 
great number of potential surfaces which may intersect each other in a 
variety of ways, the operation of selection rules for symmetrical config- 
urations and their modification for asymmetric positions, and finally 
the fact that a polyatomic molecule has often several possible ways of 
dissociating. It is possible that two electronic states of a polyatomic 
molecule have different symmetry properties and may therefore inter- 
sect each other as long as the molecule is symmetrical. For a symmetri- 
cal configuration the two potential surfaces would cross without inter- 
acting. On the other hand, an asymmetric displacement of the nuclei 
causes interaction between the potential surfaces but at the same time 
tends to prevent an interpenetration of the surfaces. For a slight 
asymmetric displacement all conditions for predissociation may easily 
be fulfilled. For the neighboring symmetrical configuration actual 
crossing of the surfaces may occur while the small asymmetric dis- 
placement provides an interaction between the surfaces. 

There is an additional reason why interpenetration of potential 
surfaces and radiationless transitions are more likely for polyatomic 
molecules than intersection of potential curves in diatomic molecules. 
Diatomic potential curves belonging to states of the same kind do not 
intersect because variation of just one parameter, namely the internu- 
clear distance, is as a rule insufficient to establish degeneracy at the 
point of intersection. In polyatomic molecules the nuclear configura- 
tion is described by several parameters, and variation of two parameters 
is sufficient to establish degeneracy.* Potential surfaces depending on 
two parameters can be represented as ordinary two-dimensional sur- 
faces in three-dimensional space. Since variation of one parameter is 
insufficient to cause degeneracy, the two surfaces will not intersect along 
a curve, but they may interpenetrate at a point in the same way as the 
two halves of a double cone do. Such an interpenetration if occurring at 
an appropriate point may enable the molecule to get from one potential 
surface to another, transforming in the process the original potential 
energy into kinetic energy of the nuclei. As an example of this process 
we may mention the chlorophyll molecule. This molecule absorbs red 
and blue light, the two absorptions apparently leading to two different 
excited electronic states. But the light re-emitted by chlorophyll, that 
is, the fluorescence of the molecule, lies in the red region of the spectrum 
and corresponds to the lower of the two excited states. This is true 

* In the presence of magnetic forces variation of three parameters is needed. 



286 


ELECTRONIC SPECTRA 


both if the irradiated light was in the red or the blue region. Apparently 
excitation of the higher excited state by light is followed by a radiation- 
less transition to the lower one of the two excited states, and this state 
is the initial state in the fluorescence. Similar radiationless transitions 
may be responsible for quenching of fluorescence by collisions in which 
at least three atoms take part. In photochemical processes the same 
rearrangement of atoms within a polyatomic molecule may be due 
to excitation of different electronic states; it is plausible to assume 
that any excess excitation energy is dissipated by a radiationless 
transition. 

In one important respect the appearance of predissociation in poly- 
atomic molecules differs from predissociation in diatomic molecules. In 
the latter molecules predissociation sets in fairly suddenly. In poly- 
atomic molecules predissociation may start with an almost impercepti- 
ble diffuseness of the lines; this diffuseness then slowly increases over a 
spectral region often extending over several hundred angstroms until 
the bands merge into a continuum. The reason for this phenomenon is 
that dissociation in a polyatomic molecule may often occur only from 
certain regions of the potential surface, and the molecule may have to 
perform many oscillations before it finds the region in question. With 
increasing oscillation energy a wider region becomes accessible from 
which dissociation can take place, and thus for high oscillation energy 
dissociation occurs in a shorter time. 

In the discussion of photochemical processes it is often of importance 
to know whether or not predissociation has occurred. Actually when- 
ever predissociation is observed, we can conclude that the time needed 
for atomic rearrangement is quite short, and this process has become 
much more likely than the loss of energy by radiation. It is, however, 
difficult to say whether we are dealing with an internal rearrangement 
or whether actual predissociation is taking place. Radiationless transi- 
tion leading to an internal rearrangement of a polyatomic molecule 
might cause an apparent broadening which we cannot readily distin- 
guish from the broadening due to radiationless transition into a dis- 
sociated state. 

If predissociation is indicated by no broadening, it is nevertheless not 
permissible to conclude that no dissociation has taken place. The time 
needed for reradiation of an absorbed quantum is equal to or greater 
than about 10“^ sec. If the time needed for dissociation is 10“^ sec., 
the broadening caused by this weak predissociation is only of a wave 
number and is therefore practically imperceptible. If no collisions with 
other molecules interfere, dissociation will occur with a quantum effi- 
ciency close to one, a fact which cannot be deduced from the appearance 



ELECTRONIC EXCITATION OF A CRYSTAL LATTICE 


287 


of the bands. Such cases of weak predissociation may be indicated by 
the absence of fluorescence, though the absence might be due to other 
causes such as quenching of the fluorescence by collisions. 

11.19 ELECTRONIC EXCITATION OF A CRYSTAL LATTICE 
A crystal lattice differs from a large molecule in that it possesses an 
additional type of symmetry — the symmetry of translation. In an ideal 
lattice, each cell is identical with each other cell. The simplest way to 
visualize a higher electronic state of a crystal would be to localize excita- 
tion in one of the lattice cells. This picture leads us to expect highly 
degenerate excited states. In fact, different excited states could be 
obtained by exciting different cells, and on account of the translational 
symmetry all of these states would have the same energy. 

Actually it may be preferable to consider excited states of the crystal 
in which excitation is not locahzed to the neighborhood of a definite 
lattice point. Even if at a given time the excitation were localized, 
there is no reason why it should stay linked to that point; at a later time 
we might find the originally excited lattice cell back in its lowest state 
while another one of the cells is excited instead. This wandering of the 
excitation is caused by the coupling of neighboring lattice cells, and the 
time required for interchange of excitation between two neighboring 
points may be as short as the time of the revolution of an electron in its 
orbit. We might expect that the excitation moves along in the lattice 
according to the rules of diffusion. This would indeed be the case if 
transfer of the excitation from a lattice cell to a neighboring cell were 
independent of the previous ^^path^^ of the excitation. But it can be 
shown that, whenever the transfer of the excitation occurs rapidly, the 
excitation has a tendency to be propagated in a straight fine. This 
behavior is analogous to that of the motion of electrons in conductors. 
There too a diffusion of the electrons was expected, and a rectilinear 
motion was found. 

Mathematically, the propagation of excitation in a crystal can be 
described by an expression analogous to the wave function of an electron 
in a metal. Let ypj be the wave function describing the lattice in which 
the jth cell is excited. Then the function, 

^ 11.19(1) 

corresponds to a wave of excitation passing through the lattice. The 
summation in equation 11.19(1) is to be taken over all lattice cells j. 
The co-ordinates xy, yjj and zj in the exponent specify the position of the 
jth lattice cell. The wave numbers kxy ky, and k^ describe the wave 
process; the wavelengths and the direction of propagation of the wave 
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can be obtained from these quantities. We can associate momenta 
with the wave numbers: 

Px ~ hkx 

Pv = hky 11.19(2) 

Pz — hkg 

These momenta have a similar significance and are subject to restric- 
tions like those affecting the analogous quantities for an electron which 
moves in a strong periodic field. The energy of excitation depends on 
these momenta. If the time required for the exchange of excitation 
between two neighboring lattice points is short, the energy of excitation 
can be shown to depend sensitively on the k values. If, on the other 
hand, a long time is required for the transfer of the excitation between 
neighboring cells, then all excitation waves will have nearly the same 
energy. The plane waves given by equation 11.19(1) describe excita- 
tions which are not localized at all. By superposing such plane waves 
we may obtain wave packets corresponding to excitations localized to a 
varying extent. The resulting wave packet travels in a straight line. 
Its velocity is connected with the momentum vector, hkx, hky, hkz, by 
a law which depends on the relation between the momentum of the 
wave process and the energy of the excitation. 

Statements of the previous paragraph can be summarized in a simpler 
way by associating with the excitation an imaginary particle which has 
been called by Frenkel, the exciton. The momentum vector described 
previously is the momentum of the exciton. The difference between the 
excitation energy for ^given momentum and the excitation energy for 
a zero momentum can be called the kinetic energy of the exciton. The 
velocity of the exciton can be obtained from its momentum and from 
the mass of the exciton, the mass being determined by the connection 
between momentum and kinetic energy. In particular, if the kinetic 
energy depends sensitively on the momentum, the mass is small, and 
excitons will have high velocities. If the energy is practically inde- 
pendent of the momentum, the exciton velocities will be small, corre- 
sponding to a sluggish exchange of excitation between neighbors. 

This simple description of the exciton becomes more complicated on 
detailed consideration. To describe the dependence of energy on 
momentum, it is necessary to assume that the mass depends both on 
the magnitude and direction of the momentum. It may happen that 
the state with kx ky == kz = 0 has the highest energy, in which case 
the kinetic energy of the exciton is always negative, and we must there- 
fore endow this particle with a negative mass. But other simple state- 
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merits about particles would continue to remain true. Thus a particle 
with momentum zero always has zero velocity. 

If light is absorbed by an ideal crystal and if crystal vibrations may 
be disregarded, then the exciton which is created must have the same 
wavelength as the light which was absorbed. As a rule this wavelength 
is very long compared to the lattice period so that the wave number 
and the momentum of the exciton are negligibly small. We find that 
light absorption creates excitons which have a velocity zero and are not 
localized.* One practical consequence is that in absorption processes 
excitons are created Avith no kinetic energy. Thus, even if the possible 
excitation energies cover a considerable energy region, the absorption 
of a crystal should still remain a sharp line. Of course, different kinds 
of excitation should give rise to different kinds of excitons Avith a cor- 
responding number of regions of excitation. But in the spectrum 
merely a number of sharp lines should appear. 

Such sharp lines are, experimentally, the exception rather than the 
rule. Usually, more or less broad bands of absorption appear. Broad 
bands are actually to be expected when absorption leads to ionization 
(internal photoeffect) rather than to excitation. Broadening may also 
be due to interaction with crystal vibrations. The vibrations frequently 
continue to influence the spectrum even at very Ioav temperatures. But 
it is to be expected that more sharp absorption lines in solids Avill appear 
at loAV temperatures. 

11.20 INTERACTION OF LATTICE EXCITATION AND VI- 
BRATION Excitation Avaves are not the only processes in a lattice 
Avhich may be usefully described by a particle^picture. The same 
description may be applied to lattice vibrations. A quantum of such 
a vibration is often called a sound quantum or phonon. The energy of 
a phonon is h times the vibrational frequency, and its momentum is h 
times the Avave number. A complex lattice has several kinds of phonons 
corresponding to the several normal vibrations in a lattice cell. They 
can be studied AAuth the help of infrared and Raman spectra just as the 
normal vibrations of a molecule. With regard to the behavior of Avave 
packets and peculiarities of the dependence of mass on energy, similar 
statements can be made about the phonons to those Avhich have been 
made in the preAdous section about the excitons. In simple lattices 
only such phonons are present which correspond to compression and 
shear waves in the lattice. They differ from other phonons in that their 
velocity approaches the velocity of sound rather than the velocity zero, 

* A certain amount of localization near the surface of the crystal is to be expected 
since the intensity of light decreases as it penetrates into the crystal. 
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if the wave number becomes very small. This special class of phonons 
often called acoustic vibrations is responsible for the specific heat of 
solids at low temperatures. Phonons may be pictured as particles 
which are independent of each other as long as normal vibrations are 
independent of each other, namely, as long as the restoring forces are 
strictly harmonic. As soon as anharmonic terms are taken into con- 
sideration, it is found that phonons interact and collide with each other. 
Heat conductivity in an insulator is best described by the diffusion of 
the phonons which are scattered by each other and by lattice irregu- 
larities. 

Phonons may also interact with excitons. This is the case if the 
excitation energy depends on the position of the nuclei. Such an inter- 
action may have two consequences. One is that absorption of light 
instead of producing a simple excitation will simultaneously give rise to 
an exciton and a phonon. If the coupling between the exciton and the 
crystal vibrations is particularly strong, it may even happen that sev- 
eral phonons are created together with the exciton. The second conse- 
quence of the coupling is that an exciton after having been created may 
collide with phonons. Such collisons may involve a change in the num- 
ber of particles participating; that is, it may happen that phonons or 
excitons may appear or disappear in collisions, passing on their energy 
and momentum to each other. 

The simultaneous creation of an exciton and one or more phonons in 
a light-absorption process is analogous to those absorption processes in 
a molecule in which vibrational quanta are excited by an electronic 
transition. But in solids a continuous distribution of normal vibrations 
is available, or in other words a phonon of any momentum might be 
created along with the exciton. Thus a continuous absorption band is 
to be expected. There is a further difference between absorption spectra 
of molecules and of solids. In the former the energy differences between 
vibrational bands may be interpreted in terms of the vibrational fre- 
quencies of the initial and final electronic states. In solids a new quan- 
tity enters into the energy balance: the kinetic energy of the exciton. 
We have seen in the previous section that, if light absorption results in 
the creation of just an exciton, the momentum of this exciton is zero. 
If, on the other hand, an exciton and a phonon appear together, all we 
can say is that the sum of the momenta of these two particles is zero. 
Therefore, excitons with varying kinetic energies may be obtained by 
the absorption process, and the breadth of the absorption band may be 
more strongly influenced by the kinetic energy of the exciton than by 
the vibrational energy, that is, the kinetic energy of the phonon. From 
the preceding argument it may be seen that the actual absorption spec- 
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trum might reduce to a sharp line with no phonons created; or, if pho- 
nons appear with a small probability, we may still obtain a sharp line 
with a weaker continuum accompanying it; or, finally, if the coupling 
with vibrations is strong, the sharp line may have disappeared com- 
pletely. Which of these cases occurs depends on the strength of the 
coupling between the vibrations and the electronic excitation and also 
on the vibrational amplitudes found in the lattice previous to the ab- 
sorption of light. 

Collisions between excitons and phonons change the rectilinear motion 
of the excitons into diffusion. Collision processes in which excitons dis- 
appear can be classified under radiationless transitions discussed in 
section 11.18. 

Strong interaction between an exciton and phonons may have a 
peculiar consequence: the trapping of the exciton. As a result of this 
process, the lattice is distorted within and around a certain cell, and this 
same cell carries the excitation energy. The distortion is such as to 
lower the energy of the particular state in which that lattice cell is 
excited. For instance, an electronic orbit may have obtained a greater 
radius owing to the excitation; then in the trapped state the lattice is 
distorted in such a way as to give a greater volume to the excited cell. 
In the trapping process, phonons carry away the energy that is liberated 
by the lattice distortion. A trapped exciton corresponds to a degenerate 
state of the crystal since the trapping can occur at any cell with equal 
energy. But in order to transfer excitation energy from one trapped 
position to another, it is not sufficient to change the electron configura- 
tion, but nuclei must be moved as well. The nuclei have a minimum 
energy for the trapped configuration, and in order to get into another 
trapped state they must pass a potential barrier. Thus propagation of 
the excitation is now linked with a tunnel effect which, as a rule, takes 
a very long time. Therefore in such crystal excitations in which trap- 
ping occurs as a rule, the possibility of exchange of excitation between 
cells is of no practical importance. The absorption process itself leads 
in such cases to trapped states. Such crystal spectra can be treated 
more nearly as molecular spectra. The distorted crystal cell can be 
considered as the molecule. The remainder of the crystal serves merely 
as a medium carrying away phonons emitted during the process of light 
absorption. The emission of these phonons broadens the absorption 
lines. 

11.21 PHOTOCONDUCTIVITY, PHOSPHORESCENCE Not all 
electronic absorption processes in a crystal can be described with the 
help of excitons and phonons. Absorption of light in certain frequency 
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regions makes a crystal conducting for the period of the illumination 
and for a small fraction of a second following the illumination. This 
conductivity is due to the internal photoeffect which consists in tearing 
an electron loose so that this electron can now move in an empty 
Brillouin zone as a conduction electron. At the same time a hole 
appears in a filled Brillouin zone. This hole behaves like an electron of 
positive charge and contributes to the conductivity. Other absorption 
processes are not connected with an internal photoeffect. In such 
processes, the excited electron remains linked to the region of its 
original position in the lattice. The excitation may still travel in 
the lattice, but positive and negative charges travel together so that 
no current results. This case is analogous to the excitation of atoms 
or molecules while the internal photoeffect corresponds to a photo- 
ionization. 

The fact that photoconductivity persists only for a very short time 
after illumination has ceased, calls for an explanation. The easiest 
interpretation would be that the freely moving electrons have found 
the holes from which they have been lifted by the original radiation and 
that the crystal has reverted to its original state. But this explanation 
though perhaps partly true in some cases often fails to explain the brief 
persistence of photoconductivity and is completely inadequate in those 
cases where a field applied during illumination has separated geometri- 
cally the mobile electrons and holes from each other. In addition, there 
is direct experimental evidence in a number of cases that, though con- 
ductivity has disappeared, the crystal has not returned to its original 
state. After the decay of conductivity, new absorption bands may 
appear in the visible or in the infrared, and irradiation by some of these 
bands may restore the conductivity. The same effect may be produced 
by merely heating the crystal. It seems that the electrons which have 
been made mobile by the original absorption have been trapped in the 
lattice sufficiently firmly to prevent their following an electrostatic 
field. But a light quantum of smaller energy or even elevated tempera- 
ture may suffice to set them free again. 

The nature of these trapped states might be explained in different 
ways. One explanation is that the lattice gets distorted around an 
electron. This lowers the energy so that the electron cannot move away 
without a readjustment of the lattice. This readjustment requires a 
tunnel effect of the nuclei and is therefore slow. The similarity between 
this process and the trapping of an exciton is evident. . Details of the 
extensive experimental evidence on alkali halide crystals seem to require 
a different explanation. The photoelectrons are trapped at lattice 
irregularities which are present in every crystal however carefully pre- 
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pared. It is assumed in particular that some lattice points on which an 
ion should be present are vacant. Electrons will then be trapped pref- 
erably at points where a negative ion is missing and which region there- 
fore is deficient in negative charge. The presence of such vacancies in 
crystals formed at high temperatures can be understood readily. The 
vacancies correspond to the statistical equilibrium state at elevated 
temperatures at which the crystal has formed, whereas at lower tem- 
peratures the mobility of ions becomes so small that the vacancies can- 
not be eliminated. 

The striking fact of very long-lived metastable electronic states in 
crystals brought out by the experiments on photoconductivity is also of 
importance in connection with the phenomenon of phosphorescence. It 
is common knowledge that crystals can absorb light energy and re-emit 
the light after a considerable time interval. This reradiation can be 
stimulated by various methods, for instance, by heating. Phospho- 
rescent substances are usually crystals containing slight amounts of 
impurities. One explanation of phosphorescence is that the original 
irradiation ionizes the impurity atom. The photoelectrons get trapped 
by some mechanism, and reradiation occurs when the electrons find 
their way back to the ionized impurity atoms. It is not astonishing 
that the properties of phosphorescent crystals depend greatly on the 
way in which they have been prepared. The evenness of the distribu- 
tion of the impurities, the sizes and imperfections of the crystals are all 
factors which can influence the process. By changing these conditions 
we may influence the length of time during which a phosphorescent 
substance retains its excitation energy, and we may obtain crystals 
which will reradiate this energy under various conditions. We may even 
produce crystals in which the electrons return to their original state by 
a radiationless process. 

11.22 SPECTRA OF CONDUCTORS Insulators are the only solids 
the spectra of which show, or can be expected to show, any details. 
Conductors and even semiconductors have continuous spectra. The 
absorption coefficient may become smaller in certain spectral regions 
and may, in principle, even vanish. But as a rule materials which show 
any electronic conductivity are opaque. 

The general reason for this fact is easily found. A necessary condition 
for conductivity is that a Brillouin zone should not be completely closed 
and that therefore electrons should be present which are capable of 
taking up arbitrarily small amounts of energy. These electrons which 
can be accelerated freely under the influence of an electric field and 
which can lose their energy by collision with lattice vibrations account 
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for absorption in the infrared, and in fact absorption extends as a rule 
into the visible. 

There is one conspicuous difference between the appearance of metals 
and semiconductors. The former are shiny; the latter are black. This 
can be explained by considering the conductivities. The high conduc- 
tivity of metals has the consequence that in their interior the electro- 
magnetic fields must satisfy equations which are quite different from 
those that hold outside the metal. As a result the electromagnetic 
equations can be satisfied only if but a small fraction of the electromag- 
netic radiation enters the metal; the rest is reflected. In semiconduc- 
tors, on the other hand, a considerable fraction of the light penetrates 
since for these substances the conductivity is small and does not cause 
so sudden a change of the optical properties on the surface. But the 
conductivity is still great enough to absorb the light that does enter. 

In general, extended absorption in the visible shows that a consider- 
able number of low energy levels are present. Apart from conductors 
and semiconductors, extended absorption is also shown by insulators in 
which resonance occurs. Thus crystals, in which ions of the same 
atom but of different valency occupy equivalent lattice points, are as a 
rule opaque. As an example re 304 may be mentioned. 

Sufficiently thin sheets of metals transmit a certain amount of light, 
and moreover the transmitted light is colored, showing a variation of 
the absorption coefficient with frequency. In fact, the absorption co- 
efficients of some metals show marked dips usually at rather short wave- 
lengths. For higher frequencies it is in fact not justified to consider 
the electrons as free, and it is clear that, if the frequency of light becomes 
comparable to the frequency of electronic motion about a lattice point, 
resonances are bound to occur even in metals. The behavior of elec- 
trons in metals under the influence of ultraviolet light can be under- 
stood in greater detail if the Brillouin zones are considered. An absorp- 
tion process can lift an electron from one Brillouin zone to another. 
Because electrons of varying energies are present in the filled and partly 
filled Brillouin zones and broad bands of unfilled states are available as 
final states of the electrons, we might expect continuous absorption and 
little variation in the absorption coeflBcient. But the same reason which 
gave rise to the concept of zero-momentum excitons in a simple absorp- 
tion process imposes limitations on electronic transitions between Bril- 
louin zones. In particular, an electron must not change its momentum 
when an absorption process transfers it from one Brillouin zone to 
another, or, if the notation of section 8.14 is employed, the quantity k 
must change in such a transition by a multiple of 27r/a. Thus each 
electron can go into but one state of a given Brillouin zone. Because of 
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the continuous distribution of electrons in the filled and partly filled 
zones and because each electron will absorb a different frequency, we 
still must expect continuous regions of absorption. But it is no longer 
surprising to find frequencies which happen not to be absorbed by 
any electron of the metal and for which the metal is practically 
transparent. 
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12.1 SIZE OF ATOMIC NUCLEI The great; similarity of the 
chemical and physical properties of isotopes gives a strong indication 
that the atomic nucleus is much smaller than the atom. Since two iso- 
topes differ only in their nuclei, we would expect that any appreciable 
size of the nucleus or any long-range force that is not the same for the 
nuclei of the various isotopes would cause a difference in their chemical 
behavior, whereas actually such a difference is absent to a very high 
degree of approximation. 

As it is, the only long-range force emanating from the nucleus is the 
coulomb force due to its positive charge Ze, where Z is the atomic num- 
ber and e is the absolute value of the charge on the electron; Z being the 
same for isotopes, the long-range forces are the same. Chemical experi- 
ments on isotopes, even if carried out with very great accuracy, do not 
reveal any difference in properties that could not be explained merely 
by the difference of the mass of the nuclei. More detailed information 
about the forces acting between nuclei can be obtained by observing 
the deflections that a nucleus of high speed suffers when passing through 
various kinds of materials. The first experiments of this kind were 
carried out by Rutherford who observed the scattering of alpha parti- 
cles by thin foils. The alpha particles are helium nuclei of high speed 
(about ^ of the velocity of light) which have been emitted from some 
radioactive source. It was found that most alpha particles pass through 
a sufficiently thin foil without any noticeable change of direction, but a 
few suffer deffections through various angles. Very few are deffected 
through great angles. The law according to which these angles are dis- 
tributed is in most cases in quantitative agreement with the idea that 
the deflections are due to the electrostatic field of the nuclei which are 
subjected to the alpha-particle bombardment. The resulting law of the 
distribution of deflections is called the Rutherford law. 

The greatest possible deflection, that is 180°, will be obtained in a 
straight head-on collision. At the moment of closest approach in a 
head-on collision all the available kinetic energy is converted into poten- 
tial energy. Thus the two nuclei get closer to each other in a head-on 
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collision than in any other kind of collision. The minimum distance of 
approach is obtained by setting the potential and kinetic energies 
equal to each other. This gives 


___ 

^kin 


12 . 1 ( 1 ) 


where Zi is the charge of the bombarded nucleus and Z 2 = 2 is the 
charge of the alpha particle. Using high-energy alpha particles and not 
too heavily charged scattering centers we can obtain rj^in values more 
than 10,000 times smaller than atomic dimensions. In this way it has 
been verified that the coulomb law holds, down to a distance of 10“^^ cm. 

By using light nuclei and fast alpha particles, deviations from the 
Rutherford law have been found. These deviations can be described 
by stating that more particles are scattered at great angles than are 
predicted by Rutherford’s formula. This “anomalous” scattering in- 
dicates a deviation from the coulomb law for close distances of approach, 
and this kind of scattering can be roughly explained by assuming that 
at small distances a repulsion sets in that is much stronger than the 
coulomb repulsion. Actually the assumption of elastic spheres would 
give rise to an isotropic scattering and therefore to more scattering at 
great angles than is found in the normal Rutherford scattering. The 
distance at which the deviations from the coulomb law set in can be 
assumed to be approximately equal to the sum of the radii of the two 
colliding nuclei. From this assumption and also from other sources, 
the size of the nuclei may be estimated; our present knowledge may be 
summarized by stating that the nuclear radii are approximately propor- 
tional to the cube root of the nuclear mass. Or, numerically, 


,0 3/M 

War = 1-5 X 10-13 12.1(2) 

where M is the mass of the nucleus and Mp is the mass of the proton. 
Actually the nuclear radii range from 2 X 10“^^ to 10 X 10“^^ cm. It 
may be noted that the preceding law for rnudei implies that in the dif- 
ferent nuclei the density of matter p is the same, namely, 

p = 10^^ grams per cubic centimeter 12.1(3) 

This high density is descriptive of the great concentration of mass within 
the small radius of the nucleus. 

The repulsive forces which we have assumed when two nuclei touch, 
can be considered as the analogue of the van der Waals repulsion for 
atoms, of course, with the significant differences that the forces are 
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much greater and extend over a much smaller region. The reason for 
such repulsive forces might be, however, essentially the same as for atoms. 
The Pauli principle does not permit increase in density over that ob- 
tained for the lowest quantum state of the particles without a rather 
big increase in energy. 

12.2 THE NEUTRON One characteristic of the atomic nuclei is 
their relatively great mass. There is only one known particle of a com- 
parable mass which is not an atomic nucleus, namely, the neutron. Its 
mass is closely equal to the mass of the proton. (Actually the neutron 
is about 0.1 per cent heavier than the proton.) The property that sets 
the neutron apart from the atomic nuclei is that it does not carry any 
charge and therefore does not attract electrons and does not surround 
itself with an electronic shell. Neutrons are produced in some close 
nuclear collisions, that is, in collisions in which nuclei get into contact 
with each other. 

The only interaction of neutrons with atomic nuclei is one of short 
range which is of the same type as the forces giving rise to anomalous 
alpha-particle scattering. Thus a neutron must as a general rule get to 
the surface of a nucleus in order that it should be deflected. The only 
established interaction of neutrons with electrons is a weak force of the 
magnetic type. Further short-range interactions do not exist or are 
extremely small. It can be shown that owing to the small mass of the 
electrons these weak forces are particularly ineffective in the interaction 
of free electrons with neutrons. The probability of electronic excitation 
by neutron impact is very small. But electrons in atomic orbits can 
influence the path of a neutron with higher probability if during a colli- 
sion the electrons do not become excited. In this case the electrons act 
as parts of the atom and can be said to possess effectively the mass of 
the whole atom. In such collisions the weak magnetic interaction was 
detected. All interactions of neutrons with electrons seem, however, to 
be of small importance in our discussion. 

The most important interaction of neutrons with matter remains the 
collisions with atomic nuclei. According to a geometrical picture these 
collisions ought to have a cross section of the order of 10"“^^ cm.^ (or 
one barn *). This would lead to a mean free path of a neutron in a solid 
which may be longer than a centimeter. As a general rule neutrons do 
penetrate solids as easily as is suggested by this long free path. This 
fact is a very direct illustration of the small extension of nuclear par- 
ticles. 

* The unit barn = 10~^^ cm.^ was introduced into nuclear physics because in some 
types of nuclear reactions the cross section 10“^^ cm.^ may be considered ^‘as big 
as a bam.’^ 
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12.3 CONSTITUENTS OF ATOMIC NUCLEI It has been men- 
tioned already that in nuclear collisions neutrons may be emitted. In 
other collisions fast protons are obtained. We shall call such trans- 
formations of nuclei nuclear reactions. Nuclei are usually considered 
as consisting of neutrons and protons. This view is supported not only 
by the fact that neutrons and protons are knocked out of the nuclei in 
many reactions but also by the mass of the nuclei. All nuclear masses 
are close to simple multiples of the protonic mass which is to be expected 
if they are built from the ahnost equally heavy protons and neutrons. 
Actually the nuclear masses are about 1 per cent smaller than would be 
expected by adding the masses of an appropriate number of protons 
and neutrons. This is explained by the binding energy of nuclei. 

As may be seen by the great energies sometimes consumed and some- 
times liberated in endothermic and exothermic nuclear reactions, the 
energies holding the nuclear constituents together are approximately a 
million times greater than chemical binding energies. Thus in building 
up a nucleus from free neutrons and protons a great amount of energy is 
emitted. Emission of energy causes, according to the theory of rela- 
tivity, a decrease in mass which is calculated by dividing the energy by 
the square of the velocity of light. On the average, the binding energy 
per proton has turned out to be about 8 X 10^ volts which corresponds 
to 0.008 part of the protonic mass. This explains why the isotopic 
masses are close to integer numbers if the units are so chosen that the 
mass * of the hydrogen atom is approximately 1.008. Nuclear reactions 
can be investigated more simply than chemical reactions in one respect; 
by measuring the mass of the nucleus (with the help of a mass spectro- 
graph) the total binding energy of that nucleus can be obtained. Dif- 
ferences of these energy contents show up as kinetic energy liberated or 
absorbed in nuclear reactions. The relations so obtained always check, 
except when some of the nuclei are produced in an excited state. In 
principle, it would be possible to obtain energy contents of molecules by 
simple measurement of their masses and from these to calculate energies 
of reactions. Unfortunately, the energy changes in chemical reactions 
give rise to changes in mass which are too small to be observed. Thus, 
if water is formed from hydrogen and oxygen and the energy of reaction 
is radiated or conducted away, there will be a decrease in mass of one 
part in 6 X 10^. 

A nucleus is characterized by two integers, its charge number Z and 
its mass number Af . The first number is equal to the number of protons 
in the nucleus; the second is equal to the sum of the number of protons 
and neutrons. To characterize a nuclear species we add the mass num- 

* More exactly, the mass of the hydrogen atom in conventional units is 1.00812. 
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her as an index in the upper right-hand corner of the atomic symbol and 
the charge number in the lower left-hand corner. Thus the abundant 
isotope of neon is written loNe^^. The charge number is often omitted. 
The atomic symbol actually makes it redundant. 

Nuclei of the same charge number are called isotopes. Nuclei of the 
same mass number are referred to as isobars. 

12.4 SPIN AND STATISTICS, PARA- AND ORTHO-HYDRO- 
GEN Protons and neutrons are similar to electrons in two respects. 
They have a spin of that is, there is attached to both of them an 
angular momentum of the magnitude h/Aw which can orient itself only 
in two ways, namely, either parallel or opposite to any given field. The 
other similarity between protons and neutrons on the one hand and 
electrons on the other hand is that all these particles obey the Pauli 
exclusion principle. This means that two particles of the same kind 
never can occupy exactly the same quantum state, or, speaking in the 
more general terms of wave mechanics, the wave function must be anti- 
symmetrical with regard to an interchange of two particles of the same 
kind. 

The spins of both proton and neutron give rise to magnetic moments 
attached to these particles. In the case of the neutron this seems some- 
what surprising since the particle itself does not carry a total charge. 
A direct demonstration of the spins of the neutron and proton is made 
possible by the associated magnetic moments. Studies of the deflection 
of atomic amd molecular hydrogen have given precise information 
about the magnetic moment of the proton. The neutron magnetic 
moment has been measured by its interaction with electrons; this inter- 
action leads to observable effects if the neutrons penetrate a magnetized 
sheet of a ferromagnetic substance. In such a sheet there is an excess 
of electron spins in one direction which produces an over-all effect in 
being more transparent to neutrons of one spin direction than to neutrons 
of the opposite spin direction. 

That protons obey the Pauli principle is shown by the behavior of 
two hydrogen modifications known as ortho- and para-hydrogen. Para- 
hydrogen consists of hydrogen molecules in which the molecular rota- 
tion has an angular momentum of 0, 2, 4, etc., times h/2Tr. In the 
ortho-hydrogen the angular momentum of the rotation is 1, 3, 5, etc., 
times h/2T. It can be shown that, if the two protons not only were 
absolutely alike but also could not be distinguished from each other by 
any internal characteristics such as the spin, then any collision a hydro- 
gen molecule makes or any other action on the hydrogen molecule 
could change the rotational angular momentum only by even multiples 
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of A/27r. Actually the spins are only very weakly coupled with the 
motion of the hydrogen nuclei, and for this reason the molecules behave 
during collisions very nearly as though the spins were absent so that 
change of rotational momenta by an odd multiple of h/2'K is rare. Thus 
conversion of the ortho and para molecules into each other will be slow. 
There are only two ways in which such a conversion can be effected, 
namely either by a strongly inhomogeneous magnetic field or by dis- 
sociation and recombination. An inhomogeneous magnetic field exer- 
cises forces on the magnetic moments of the protons and in this way 
establishes a coupling between the spin of the proton and its orbital 
motion. Inhomogeneities which occur in macroscopic magnetic fields 
are far too small to act effectively on the minute nuclear magnets. More 
strongly inhomogeneous magnetic fields are produced locally by para- 
magnetic molecules; collisions with such molecules, for instance with 
O 2 or NO, give rise to the ortho-para transformation in conveniently 
measurable times. The other type of conversion does not rely on the 
spin-orbit coupling; if the hydrogen molecules are dissociated and 
protons coming from different molecules are reunited, there is no rule 
prohibiting the atoms from forming an ortho or a para molecule. 

JJxperimentally pure para-hydrogen can be produced at low tempera- 
tures at which according to the Maxwell distribution only molecules in 
the rotational state with zero angular momentum (nonrotating mol- 
ecules) are present in appreciable quantity. Para conversion mil be 
completed if an appropriate catalyst is introduced which may act with 
the help of inhomogeneous magnetic fields or else by dissociating some 
of the hydrogen molecules. If this para-hydrogen is heated in the ab- 
sence of a catalyst, no conversion takes place. Subsequent conversion 
by added catalyst can be used to get information about reaction mech- 
anisms involving hydrogen or to show the magnetic nature of the 
catalyst. The conversion can be followed with the help of the differ- 
ence of the thermal and spectroscopic properties of the two modifica- 
tions. 

In thermal equilibrium at high temperatures there are three times as 
many ortho as para molecules. This remarkable preference of the 
hydrogen molecules for an odd rotational angular momentum can be 
explained by assuming the validity of Paulies exclusion principle for the 
protons. In fact the ortho-para ratio at high temperatures is the best 
proof for the exclusion principle. The connection between the abun- 
dance of ortho- and para-hydrogen and the Pauli principle are outlined 
in the following paragraphs. 

If a hydrogen molecule is rotated by 180®, the electronic structure 
gets back into exactly the same spatial position as originally, and the 
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only alteration effected is the exchange of the two protons. The rota- 
tional wave functions have the property of remaining unchanged by 
rotation through the angle 180° if the angular momentum is an even 
multiple of h/2Tr and of changing their sign if the angular momentum is 
an odd multiple of h/2Tr. A similar statement holds for the motion of 
an electron in the hydrogen atom. Rotation by 180° changes the sign 
of the wave function for odd values of I and leaves the wave function 
unchanged for even values of Z. This can be verified by insjDecting Figure 
2 . 8 ( 1 ). 

Now, if the Pauli principle is assumed, the wave function should 
change sign when both the positions and the spins of the two protons 
are exchanged. In even-rotational states, rotation by 180° interchanges 
the positions of the nuclei and leaves the wave function unchanged. 
Therefore interchange of the spins should cause a change in sign. This 
is possible only if the spins point in opposite directions, which amounts 
to the old rule that, if there is symmetry in the wave functions, the 
spins cannot be in the same state. Actually the two spins will have to 
form one well-defmed state called a singlet state in which their angular 
momenta and magnetic moments compensate (see section 11.4). This 
is the same kind of a spin state as formed by two electrons occupying 
one orbit such as the wave function of a if shell or the bonding orbital 
function in the H 2 molecule. 

In odd rotational states, when nuclei are interchanged by rotation 
through 180°, the rotational wave function changes sign. Therefore 
exchange of spins should leave the wave function unaltered. This can 
be accomplished by allowing both spins to point in one definite direc- 
tion, that is, by letting them occupy the same spin state. There exist 
three independent spin states for which symmetry with regard to the 
interchange of spins is established. These three states have practically 
identical energies because the spins interact very weakly with each 
other and with other degrees of freedom. The three states together 
form a triplet state. 

According to the laws of quantum statistics the a priori probability 
for any state to be occupied is the same, and therefore it is three times 
more probable to find a hydrogen molecule in an odd-rotational state 
which in reality is a triplet (that is a collection of three states as far as 
spin is concerned) than to find the molecule in an even-rotational state 
which stands for a single definite spin state. Thus ortho-hydrogen will 
be three times more abundant than para-hydrogen. This is essentially 
due to the fact that there is just one way in which an antisymmetrical 
spin function can be constructed but three ways in which a symmetrical 
spin function can be obtained, and the Pauli principle links the para- 
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hydrogen state with antisymmetrical spin functions and ortho-hydrogen 
states with symmetrical spin functions. 

If in the hydrogen molecule one of the two protons is replaced by a 
deutoron, * the HD molecule so obtained will be able to change its rota- 
tional quantum number by even or odd multiples of A/27r with approx- 
imately equal ease. In fact, the reason why a change by odd rotational 
quantum numbers was practically ruled out for hydrogen was that any 
kind of force could act in almost exactly the same way on the two atoms 
of the molecule. In the rotation of the HD molecule, the H atom is 
farther from the center of mass which is also the center of rotation and 
for this reason the H atom and the D atom will act differently in a col- 
lision. Thus transitions between odd and even rotational states will 
become possible, and the reason for a distinction between para and 
ortho modifications disappears. 

The two kinds of modifications will regain their importance in the D 2 
molecule in which again both atoms act in an exactly similar manner as 
long as the influence of spins is disregarded. In the case of deuterium, 
it is usual to designate the even and odd rotational states as ortho- 
deuterium and para-deuterium, respectively. Thus the prefixes ortho- 
and para- are associated with different rotational states in H 2 and D 2 . 
The even rotational states, or ortho-deuterium states, can be produced 
by similar methods as the para-hydrogen states, and also their conver- 
sion into odd rotational states or para-deuterium states is effected by 
the same kind of magnetic or dissociating catalyst. There is, however, 
this difference between hydrogen and deuterium molecules; in equi- 
librium at high temperatures para hydrogen is three times less abundant 
than ortho-hydrogen whereas under the same conditions para-deuterium 
is less abundant by a factor of two. 

The behavior of ortho- and para-deuterium can be explained by 
making an assumption about the exchange of deuterium nuclei, opposite 
to the one we made about the exchange of protons : we assume that the 
wave function remains completel}^ unchanged when both positions and 
spins of the deuterons are exchanged. This links the para-deuterium 
states with antisymmetrical spin functions which can be constructed in 
smaller number than the symmetrical spin functions associated with 
the ortho-deuterium states. The fact that the numerical ratio between 
symmetrical and antisymmetrical spin states is now 2:1 instead of 
3 : 1 can be explained by endowing the deuteron with an internal angu- 
lar momentum h/2Tr rather than /i/47r found for the proton. A count 
of the possible spin states then gives the experimental result. 

* The deuteron, denoted by D, is a hydrogen isotope containing a proton and a 
neutron. 



304 


NUCLEAR CHEMISTRY 


The difference in spin and statistical properties between protons and 
deuterons can be easily understood if the deuteron is considered as 
composed of a proton and a neutron. If both of these component parti- 
cles carry the angular momentum A/47r, it is not strange that the nu- 
cleus which they form should have an angular momentum h/2Tr, To 
explain why wave functions are symmetrical with regard to exchange of 
deuterons, we shall have to consider the application of the Pauli prin- 
ciple to neutrons as well as to protons. In fact, since direct interactions 
of neutrons are experimentally almost impossible to observe, the study 
of the behavior of the deuterons is the simplest method through which 
the application of the Pauli principle to neutrons can be verified. 

We assumed that a wave function changes sign if positions and spins 
of two protons are interchanged, and we now assume the same thing 
for the neutrons. If we interchange spins and positions of two deu- 
terons, then we have effectively interchanged spins and positions of a 
pair of protons and a pair of neutrons. The wave function therefore 
must have suffered two changes of sign; that is, the wave function 
finally returns to the same value that it had before the exchange of the 
deuterons. This is the same behavior which we had to postulate in 
order to explain that the abundance of ortho-deuterium is greater than 
the abundance of para-deuterium. 

Similar considerations apply to other diatomic molecules in which 
the two nuclei are the same isotopes. For instance the existence of a 
para- and ortho-nitrogen modification has been effectively proved by 
the alternating intensities of rotational lines in the nitrogen spectrum. 
A chemical separation has not been possible up to now. If it were 
attempted by similar methods to those used for hydrogen, the lower 
energy of rotational quanta in nitrogen would necessitate a cooling of 
nitrogen to lower temperatures (about 1°K.) at which nitrogen is 
solid * and the use of any kind of catalyst extremely difficult. 

Spectroscopic observations on diatomic molecules yielded values for 
angular momenta of a few nuclei, and it has also shown whether or not 
a change in sign is caused by the interchange of the two nuclei. It has 
been found that a change in sign occurs if the mass number of the 
nucleus is odd, and a change in sign does not occur if the mass number 
of the nucleus is even. This is in agreement with the assumptions that 
the nuclei are composed of protons and neutrons and that the protons 
and neutrons behave according to Paulies exclusion principle. 

An interesting situation arises if the nucleus does not possess any 
spin, that is, if its internal angular momentum is zero. This is the case 

* Potential barriers occurring in the solid state are likely further to reduce the 
energy difference between ortho- and para-nitrogen. 
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for the predominant isotopes of oxygen or of carbon. The foregoing 
rules show that, for instance, exchange of two 0^® nuclei will leave the 
wave function unchanged. Since no spins are present, this imposes a 
strict symmetry condition on the exchange of the two oxygen positions, 
and we obtain the result that only every second rotational level of 
oxygen is actually realizable. Thus only one oxygen modification exists. 

In the pursuit of the chemical separation of modifications similar to 
ortho- and para-hydrogen we need not be confined to diatomic mol- 
ecules. Such modifications must be expected whenever rotation can 
result in the exchange of similar atoms. For instance, we would expect 
two water modifications and three different methane modifications. ^ 

The behavior of the nuclei in changing or retaining signs when inter- 
changed corresponds closely to the behavior of electrons. In discussing 
the Pauli principle for electrons we were led to the conclusion that elec- 
trons are indistinguishable. The same line of reasoning leads to the 
result that protons are identical in their properties and that there is no 
difference between neutrons. 

12.5 BETA RADIOACTIVITY It has been assumed in the early 
speculations about nuclear structure that the nucleus contains electrons. 
Experimentally this idea is supported by the fact that some nuclei emit 
electrons and are transformed into isobaric nuclei of practically the 
same weight and one more charge. The fast electrons emitted by nuclei 
are known by the designation of beta rays and the spontaneous nuclear 
transformations giving rise to these rays as beta radioactivities. 

It has proved impossible to obtain a consistent theory of nuclear 
structure in which electrons occur as nuclear constituents. The main 
reason why attempts at such a theory must fail is the uncertainty 
principle. We have seen that a particle can be localized with high pre- 
cision only if wide tolerance is allowed in the accuracy of the momentum. 
When an electron is confined to the small volume of the nucleus, the 
electronic momentum will assume high values with considerable prob- 
ability. High momentum means, for a light particle, high kinetic 
energies, and we find that we cannot have an electron within the nu- 
cleus without giving it a kinetic energy that is great compared with the 
binding energies of the nucleus, so that an electron even if present in a 
nucleus cannot be held there. 

The mere argument that, if an electron comes out of a nucleus, it 
must have been within the nucleus previously is not more convincing 
than the statement that, if a light quantum is emitted by an excited 
atom, this atom must have bodily contained the light quantum pre- 
vious to the emission. 
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The argument about the presence of electrons in nuclei was further 
influenced by the discovery of the positron beta activity. Although all 
the known naturally beta-active elements emit electrons, it was found 
possible to produce by nuclear collisions, a number of elements which 
showed an activity similar to the beta activity in all respects save the 
one, namely, that they emitted positrons rather than electrons. Such 
positron activity results in the transformation of the element into an 
isobar of one less charge. Would it then be necessary to assume the 
presence of both electrons and positrons in the nucleus? Such an hy- 
pothesis would put into the nucleus two kinds of particles which outside 
the nucleus are known mutually to destroy each other. The only reason 
why in atomic reactions electrons are conserved and thus act as inde- 
structible particles is that the appearance or disappearance of an elec- 
tron-positron pair is accompanied by an energy change of 10® electron 
volts, that is more than 10® times the energy available in a chemical 
reaction. 

The electron and positron activities which are both called beta- 
activities have been systematized by the assumption that transforma- 
tions of this kind can take place for the simplest nuclear particles, that 
is, for protons and neutrons. Actually a neutron has a slightly greater 
mass than a proton plus an electron, and it is assumed that a neutron 
is in reality beta-active and can transform into a proton and an electron. 
In this process the excess mass of the neutron would be transformed 
into the kinetic energy of the radioactive products. From the knowl- 
edge of the available energy and from the experimental fact that the 
periods of beta transformations decrease rapidly with the energy of 
transformation, we can estimate that the lifetime of the neutron is of 
the order of one hour. Direct verification of this is still lacking. 

Conversely, we may consider the possibility of the transformation of 
a proton into a neutron and a positron. This process actually does not 
occur since the proton is lighter than a neutron plus a positron, and so 
this nuclear transformation is ‘^cndothermic.^^ But, if a proton happens 
to be within a nucleus in such a state that its transformation into a 
neutron would sufficiently increase the binding energy, the originally 
endothermic, proton — > neutron positron, transformation can be 
changed into an exothermic one, and the positron activity may proceed. 

It may be noticed that, according to the picture that is presented 
here, protons and neutrons cannot be considered as two really different 
elementary particles. Nor is it very clear whether the designation 
^^elementary particle’’ is descriptive for entities which can suffer trans- 
formations. 
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12.6 THE NEUTRINO HYPOTHESIS The electrons (or posi- 
trons) ejected in a definite beta transformation emerge from the nucleus 
with varying energies. This fact is remarkable because in a beta trans- 
formation a nucleus starting from a definite initial state is as a general 
rule transformed into a definite isobaric end state, and so the nucleus 
should lose in the transformation a definite amount of energy. There 
seem to be only two ways in which to explain the varying kinetic en- 
ergies of the ejected electrons. We must assume that in the beta process 
either energy is not conserved or leaves the nucleus in some other form. 
Nonconservation of energy would necessitate far-reaching changes in 
many branches of physical theory and would meet with great difficulties 
in the theory of gravitation. The second assumption is preferred; in 
fact, as we shall see presently, there are further indications that in a 
beta process the electron (or the positron) is not the only particle 
ejected. 

This can be illustrated in connection with the assumed beta trans- 
formation of neutrons into protons. Let us consider two neutrons just 
before the beta transformation. The wave function of these neutrons 
is antisymmetrical with regard to their exchange. Now let us assume 
that the two neutrons undergo beta transformations. If they have 
been sufficiently far apart, and if the two transformations occurred in 
a sufficiently short time interval, then immediately after the transforma- 
tion there will be two electron-proton pairs near the original positions 
of the two neutrons, and these pairs are far apart compared to the 
distance between members of one pair. Exchanging the two pairs, we 
find that the wave function must undergo two changes of sign, one 
because of the exchange of the protons, another because of the exchange 
of the electrons. Thus, after the transformations the wave function is 
symmetrical with regard to the exchange of pairs, whereas before the 
transformations the wave function was antisymmetrical with regard 
to the exchange of the neutrons. This would mean a change in the 
long-range behavior of the wave function caused by spontaneous local 
processes. Such long-range effects seem unlikely and actually cannot be 
incorporated in the present formalism of atomic physics. 

It is assumed therefore that a further particle, a neutrino, is emitted 
simultaneously with the electron (or the positron) in the beta process. 
The wave function for neutrinos is supposed to be antisymmetrical 
with regard to their exchange, and thus the difficulty described in the 
previous paragraph is avoided. It is also assumed that the neutrinos 
carry an amount of kinetic energy which added to the kinetic energy 
of the electron gives a constant energy emitted in every individual 
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process of a definite beta disintegration. If we furthermore endow the 
neutrinos with the internal angular momentum /i/4x, we may account 
for the spin changes accompanying beta transformations which changes 
would otherwise present as great a difficulty as the apparent noncon- 
servation of energy and of the symmetry with regard to exchange. 

The existence of neutrinos has not been proved by any direct experi- 
ment. An attempt has been made to measure the total energy liberated 
in a beta transformation by calorimetry. The amount of heat obtained 
corresponds to the integrated energy of the ejected electrons. The 
energy supposedly carried by the neutrinos must have escaped through 
the walls of the calorimeter. 

The neutrino is a particle devoid of charge (its emission does not 
cause change of charge), devoid of rest mass (details of beta disintegra- 
tion are best explained by the assumption that all or almost all the 
energy or mass carried by the neutrino is carried as kinetic energy), and 
also devoid of noticeable interaction with other particles. We hope, 
however, that the neutrino is not devoid of existence since it is needed 
as the carrier of energy, angular momentum, and symmetry properties 
which seem to disappear in beta transformations. There is no definite 
proof that only one such unobserved particle accompanies the emission 
of a beta ray, but the assumption of more than one particle of this kind 
seems only to give rise to unnecessary complications. The assumption 
of the emission of one neutrino not only accounts for the qualitative 
changes taking place during the beta process but also gives a good quan- 
titative explanation of the energy distribution of the observed beta rays 
and of the connection between disintegration energy and lifetime of the 
radioactive substance. 

12.7 ENERGY-PERIOD RELATION IN THE BETA DECAY 
One characteristic constant is attached to each radioactive transfor- 
mation: the decay constant. Given at an instant a radioactive nucleus, 
that is one which can undergo a radioactive transformation, the decay 
constant is the probability that the nucleus will disintegrate in the next 
second. Apparently this probability statement is the only prediction 
that we can make about an impending disintegration. There is noth- 
ing in the nucleus that would indicate that the time of occurrence of 
the process is near. 

From this probability law we can obtain the law of survival of radio- 
active nuclei. If we have initially N such nuclei, then after a time t, 

there will remain Ne ^ unchanged nuclei. Here 1/r is the decay constant 
and T is the average life of a nucleus. The number of disintegration 
processes occurring in unit time is proportional to the number of un- 
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changed atoms. Thus, if there is no fresh supply of radioactive atoms, 
the number of disintegration processes will change proportionately to 

e We can therefore determine the lifetime r by counting the decay 
processes over a time not short compared to t. 

The decay time will in general be different not only for different 
species of radioactive atoms but also for two radioactive isotopes. 
There are even cases of radioactive excited nuclei which stay in the 
excited state for a sufficiently long time to be studied separately. Such 
nuclei are called isomers; they differ only in their energy content and 
not in their charge or mass number. Each isomer has its own character- 
istic decay constant and lifetime. 

The known decay periods range from a fraction of a second to time 
intervals comparable with the usually assumed age of the universe 
(a few times 10^ years). The latter periods are of course based not on 
any observation of the change of radioactivity with time but rather on 
an actual count of decay processes in a given mass of the faintly radio- 
active material. There is no clear-cut rule which would allow us to 
calculate the periods, but some regularities can be detected. As a gen- 
eral rule, the lifetime will be the shorter, the more energy the beta 
particles carry. A quantitative relation has been suggested between 
the decay energy and the lifetime. Here the decay energy is defined as 
the energy of the fastest beta particles that leave the nucleus. This 
upper limit can be determined fairly sharply; it is assumed that, if an 
electron is emitted with an energy close to the upper limit, only the 
small difference between the upper limit and the electron energy is left 
over for the kinetic energy of the neutrino. If the number of emitted 
electrons are plotted against their energy, we find that this number 
tends to zero as the upper limit is approached. This behavior is to be 
expected on the basis of the neutrino hypothesis, and in fact the energy- 
distribution curve of electrons can be obtained from the hypothesis by 
making very simple assumptions about the emission probabilities of 
electron-neutrino pairs. If the neutrino does not possess any mass, the 
whole change in energy and mass accompanying a beta decay is given 
by the maximum energy carried by the beta particle. 

According to the empirical data, the lifetime changes roughly as the 
fifth power of the decay energy. This relation holds approximately if 
series of ‘^similar^^ beta transformations are considered. In Table 
12.7(1) a few artificially radioactive (positron-emitting) elements are 
listed which are similar in that they all contain one more proton than 
neutron, and they all transform into an element with one more neutron 
than proton. It may be seen in the last column that the decay period 
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times the fifth power of the decay energy does not change much through- 
out the series. 

The increase of decay probability with the fifth power of the decay 
energy can be understood on the basis of the neutrino hypothesis. The 
reason briefly is that, if more energy is available, there are more possi- 
bilities of dividing up this energy between the electron and the neu- 
trino and a greater range of momenta can be given to the two particles. 
The same simple assumption which explains the energy distribution 
of the beta rays also leads to the observed fifth-power relation at least 

TABLE 12.7(1) 

Energy-Lifetime Relation for Some Positron-Emitting Elements 


|3 Activity 

Maximum Energy 
in 10® Volts 

Average Lifetime 
in Minutes 

Lifetime X (Energy)® 


1.17 

30.2 

66.2 

N13 _ Q13 

1.25 

14.3 

43.5 

^ 

1.70 

3.02 

42.8 


for decay energies higher than a million volts. For low decay energies 
the lifetime should vary less rapidly with the energy. 

The fifth-power law here discussed holds only very roughly when 
applied to nonsimilar nuclei. It seems that besides the decay energy 
the lifetime depends on another factor which can be interpreted as the 
necessary rearrangement of nuclear constituents which accompanies 
the beta decay. The more unlike the initial and final nuclear configura- 
tions are, the less probable is the decay. In particular, transformations 
may become very improbable when the nucleus has a greatly different 
angular momentum before and after the disintegration. This is illus- 
trated in the beta decay of Rb*^ into Sr^^; the decay energy is 1.26 MeV. 
If rubidium were a member of the series given in Table 12.7(1) it would 
probably have a lifetime of a quarter of an hour whereas actually the 
lifetime is 0.27 X 10^^ years. The angular momenta of the rubidium 

and strontium isotopes are ^ ^ and ^ ^ , respectively. It may be seen 

2 27r 2 27r 

that the rubidium activity is very closely analogous to a forbidden 
transition in spectroscopy. 

Among the radioactive elements there are a few that do not emit 
positive or negative beta rays. We shall use the element Be^ as an ex- 
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ample. If the Be^ nucleus had more energy than the + positron, 
transformation into Li^ could occur by emission of a positron, and in fact 
Be^ would then be a member of the family given in Table 12.7(1). Ac- 
tually there is not enough energy available for this transformation. The 
Li^ nucleus in turn cannot transform into the Be^ nucleus, because the Li^ 
nucleus is lighter than the Be^ nucleus. But a transformation of Be’^ 
into Li^ is possible if Be^ captures one of its own electrons. The Be^ 
atom is heavier and has more energy than the Li^ atom, and so, ener- 
getically, the transformation is feasible. It follows from the theory of 
the positrons that it is no more difficult to absorb an electron and create 
a hole in an inner shell of an atom than it is to emit a positron, that is, to 
create a hole in the omnipresent (and unobservable) sea of electrons 
with negative energy. In the Be^-Li’^ transformation only the neutrino 
is emitted immediately. Subsequently electromagnetic gamma radiation 
may be emitted by the nucleus if it happened to transform into an 
excited state of Li^. Radiation will be necessarily emitted by electrons 
falling into the hole that was created during the transformation. This 
latter radiation consists of well-known X rays of the product nucleus. 
In the case of the Be*^ + electron Li^, the gamma- and X-ray activ- 
ities are the only experimental indications of the transformation. 

If there are two isobaric elements, the charges of which differ by one, 
then according to the preceding argument it should be always possible 
for one of these isobars to transform into the other. If the atom with 
the smaller Z value is heavier, then the weight of its nucleus must exceed 
the weight of the isobaric nucleus by more than the mass of an electron, 
and the element with the smaller Z may therefore emit an electron. If 
the atom with the higher nuclear charge is heavier, then its nucleus can 
capture an electron and transform into the other isobar even though the 
nuclear mass should have to increase in the transformation. This argu- 
ment of course presupposes that there is no fixed amount of mass or 
energy that has to be carried away in a beta transformation. In par- 
ticular, the argument is not valid if we assume that the mass of the 
neutrino is different from zero. According to experimental evidence, 
the neutrino mass is not more than a small fraction of the electronic 
mass, but it has not been demonstrated that the mass of the neutrino 
actually vanishes. 

Several isobaric pairs with charge numbers differing by unity are 
known. For instance Cd^^^ and In^^^ both seem to be stable isotopes. 
It is possible, however, that one of them is actually beta-active but that 
the activity is so weak that it has not been observed. Such exceedingly 
weak activity may be due to the smallness of the available decay energy 
or to a strong selection rule or to both. 
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12.8 NUCLEAR STABILITY If it were not for the possibility of 
beta decay, the number of stable isotopes would be very much greater 
than it is. As has been stated in the previous section, an atomic species 
is usually unstable if one of the neighboring isobars in the periodic table 
(that is, an element with the same mass number but with one more or 
one less nuclear charge) has a smaller mass. Among all possible isobars 
of a given mass number there must of course be one which has the lowest 
mass, and this isobar alone is absolutely stable with regard to beta decay. 
It is, however, quite frequently found that isobars differing by two charges 
exist while the intermediate isobar is missing. This can be explained by 
assuming that the intermediate isobar has a greater mass than either of 
its neighbors so that it could disintegrate into either of them. Of the 
two stable isobars one will in general have a greater mass, and its ' ^exo- 
thermic^ ^ transformation into the other stable isobar is possible in prin- 
ciple, but such transformation would require as a first step the change 
into the intermediate isobar which is energetically impossible. We 
might assume that two beta processes take place simultaneously and 
that the charge number jumps by two units. The beta transformation 
is, however, a very improbable process since it takes, even in the most 
favorable cases, a much longer time than the periods with which parti- 
cles inside the nucleus are supposed to move, approximately sec. 
There is at present no known theoretical reason why particles in the 
nucleus take much longer to emit an electron than to change their posi- 
tions and why the beta process is on the nuclear scale of time so slow. 
The improbability of beta transformations is an empirical fact which 
enters into the present beta theory in the form of a constant, the value 
of which is unexplained. If a beta process takes a time equivalent to 
10^^ nuclear vibrations, then it will be necessary to wait for 10^® vibra- 
tions for two such transformations to occur ‘‘simultaneously.^^ The 
period for a double decay is therefore estimated as nuclear time 

units which is about 10^® years. A transformation of this period would 
not be observable. 

It is interesting from the point of view of nuclear structure that all 
stable isobaric pairs, the charge number of which differ by two, have 
even mass numbers and even charge numbers. This means that they 
have an even number of protons and an even number of neutrons. On 
the other hand, stable nuclei with an odd number of protons and an odd 
number of neutrons are found only in the beginning of the periodic 
system (H^, Li^, N^^). No stable nucleus of this kind heavier 
than N^^ is known. It seems that, if the total number of parti- 
cles is even, the neutrons and protons have a marked tendency to 
occur in pairs which is in simple and significant analogy to the fact 
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that very few stable chemical compounds possess an odd number of 
electrons. 

Another tendency particularly strongly noticeable for the light ele- 
ments is that the number of neutrons and protons are approximately 
equal so that the mass number is approximately twice the charge 
number. This fact can be qualitatively explained by assuming that 
the orbits in which neutrons and protons can move within the nucleus 
are similar to each other. If for the stable nucleus the lowest available 
orbits are to be filled up successively, we find that each neutron orbit 
\vill be capable of holding two neutrons, and there will be a proton orbit 
of similar energy capable of holding two protons. Thus the filling up 
of neutron and proton orbits will progress in a roughly parallel way. 

The absence of heavier nuclei with an odd number of protons and an 
odd number of neutrons is explained most easily by assuming that the 
presence of two neutrons or two protons in the same orbit is energeti- 
cally favorable. This makes elements with an odd proton and an odd 
neutron unstable, because energy may be gained by transforming the 
odd neutron into a proton and putting it into the same orbit with the 
odd proton already present; or else it should be possible to transform 
the odd proton into a neutron and pair it off with the neutron which is 
alone in its orbit. However, the existence of light odd-odd nuclei shows 
that these qualitative considerations do not suffice to systematize our 
knowledge of nuclear stability. It seems that a neutron-proton inter- 
action leads to a lower energy than a neutron-neutron or a proton- 
proton interaction provided that the interacting neutron and proton 
occupy practically identical orbits. One can show that this last condition 
can be fulfilled only for light elements. 

The stability relations for isobars with an even mass number are 
represented in Figure 12.8(1). The figure refers to nuclei of a given 
even mass number. These nuclei differ in their charge, that is, in the 
number of their protons, and this number is plotted as the abscissa. 
The ordinate is the energy content of the nuclei wffiich are represented 
by various kinds of circles. The nuclei containing an even number of 
protons and an even number of neutrons fall on one curve in this figure, 
whereas the nuclei with an odd number of protons and an odd number 
of neutrons have their positions along a roughly parallel line of higher 
energy. Somewhere in the region of equal numbers of neutrons and 
protons both curves will have a minimum. 

The atom of lowest energy is the only really stable nucleus of the 
isobaric set. It is represented in the figure by a full circle. Two other 
nuclei on the lower curve indicated by empty circles are metastable 
since no exothermic transformation into a neighboring isobar is possible. 
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The other nuclei, indicated by circles containing a cross, are unstable 
and emit electrons or positrons or both. Arrows in the figure indicate 
possible beta transformations. The figure illustrates the reason for the 
instability of the odd-odd nuclei and also the possibility for several 
even-even isobars which cannot undergo single beta disintegrations. It 
also shows that, if an even-even isobar is too far removed from the most 
favorable neutron-proton ratio, it becomes unstable, thus explaining 



Fig. 12.8(1). Stability relations for isobars of even mass number. 

• Stable nucleus. 

O Metastable nuclei. 

0 Unstable nuclei. 

why all known isobars of any mass number are found within a relatively 
narrow range of charges. 

For nuclei with an odd mass number it does not seem to make much 
difference whether the odd particle is a neutron or a proton. Thus a 
diagram similar to Figure 12.8(1) would reduce essentially to one curve 
in which beside radioactive elements only one stable nucleus is to be 
expected. There is no reason for the occurrence of metastable nuclei. 
Actually among the nuclei with odd mass numbers only a few neighbor- 
ing stable isobaric pairs are known. As has been said, the reason for 
their stability is uncertain. 

In reality, nuclear energies will probably not lie on such smooth 
curves as indicated in the figure, but the usefulness of this representa- 
tion in understanding the stability of isobars shows that the distinction 
indicated by the two separate curves in Fig. 12.8(1) is not without point. 
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It may happen that all nuclei of a certain charge number are unstable. 
Thus we would expect from the proton-neutron ratios of the neighbor- 
ing elements that the element with the charge 43 would have a mass 
number in the neighborhood of 98. But the element with the charge 42, 
that is, molybdenum, has isotopes with the masses 92, 94, 95, 96, 97, 98, 
and 100. The nucleus with the charge 44, that is ruthenium, has iso- 
topes with masses 96, 99, 100, 101, 102, and 104. Thus, if the element 
43 is to have a mass number different from its neighbors, this mass 
number must be as low as 93 (which happens to be the mass number of 
the element 41), or as high as 103 (which happens to be the mass num- 
ber of the element 45, that is, rhodium). It seems therefore hkely that 
none of the conceivable nuclei with the charge 43 are stable and that 
no stable element 43 exists. An unstable element of this charge has, 
however, been produced by nuclear reactions. This artificial element is 
valuable in rounding out the systematic chemical knowledge incorpo- 
rated in the periodic table. It has been named technetium. In the same 
way the element 61 may fail to appear in a stable form since all mass 
numbers which we may expect associated with this charge actually 
occur in the neighboring elements. 

12.9 THE INFLUENCE OF COULOMB FORCES, THE END OF 
THE PERIODIC SYSTEM In light nuclei the number of neutrons 
and the number of protons are frequently equal and are always nearly 
equal; yet a dissymmetry between neutrons and protons is noticeable. 
There are only two stable nuclei, the proton and He^ in which the num- 
ber of protons exceeds the number of neutrons, and for higher mass 
numbers the number of neutrons becomes markedly greater than the 
number of protons. For instance, the most abundant isotope of kryp- 
ton has 36 protons and 48 neutrons, whereas the most abundant isotope 
of lead has 82 protons and 126 neutrons. This is due to the effect of 
the coulomb forces. 

For light nuclei the coulomb forces are rather unimportant. For 
heavier nuclei, however, they become more significant. The reason for 
tliis is that the nuclear forces have a short range and act practically 
only between neighbors, whereas the coulomb forces have a longer range 
and act effectively over the whole nucleus. Thus whereas the binding 
energy of a nucleus, owing to the short-range nuclear forces, increases 
proportionally to the number of particles within the nucleus, the cou- 
lomb interaction increases as the number of pairs of protons, that is, as 
the square of the number of protons. Though the increase of nuclear 
radius cuts down in heavier nuclei the coulomb effect, its relative impor- 
tance continues to increase. 
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The behavior of light nuclei indicates that the optimum neutron- 
proton ratio, as far as the short-range nuclear forces are concerned, is 
one to one. As the coulomb effect becomes important, however, energy 
can be gained by converting some protons into neutrons. Though tliis 
is somewhat disadvantageous for the close-range forces, the lowering of 
coulomb repulsion overcompensates the loss. 

Another important consequence of the coulomb forces is that they 
make the heaviest nuclei unstable in that it becomes energetically 
favorable for them to split into smaller parts. Though such splitting 
or fission causes an increase in the surface of nuclear matter and there- 
fore an increase of the potential energy of the short-range forces, this 
increase is overcome by the decrease of potential energy occurring when 
two charged particles separate. 

It actually has been observed that, if uranium or thorium is excited 
by a few million volts, these nuclei can undergo fission and separate 
into particles of approximately equal size, liberating about 200 million 
volts in the process. The original excitation by a few million volts 
must be considered as an activation energy. 

Such activation energy does not seem to be required for a disintegra- 
tion of the heaviest nuclei into strongly dissimilar parts, that is, for the 
emission of alpha particles. Alpha particles are helium nuclei of the 
mass number 4 and the charge number 2, the particular stability of 
which is discussed in the next section. This stability makes emission 
of alpha particles energetically favorable. 

It is not certain what delimits the periodic system toward the higher 
elements. It is possible that all elements beyond uranium will show a 
too fast alpha decay. It is possible that the chief reason for the insta- 
bility is fission; but, whichever of the two is the case, these highly 
charged nuclei are essentially unstable because of the coulomb forces 
acting on the positive charges crowded into the nucleus. Radioactive 
elements following uranium, that is, with the charge 93, 94, 95, and 96, 
have been produced and studied. They are called neptunium, plu- 
tonium, americium, and curium. Of these plutonium is best known as 
a fissionable element which can be used in releasing nuclear energy in 
an explosive or in a steady and controlled manner. 

12.10 THE ALPHA-PARTICLE MODEL, BINDING ENERGIES 
IN NUCLEI The alpha particle has played a particularly important 
part in the development of nuclear physics. These particles are ejected 
from heavy radioactive elements, and many very stable light nuclei 
(such as C^^, O^®, Ne^^, Mg^^, Si^^, and A^®) may be considered as 
composed of alpha particles. It has been therefore assumed that alpha 
particles are among the constituents of nuclei. 
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From our present viewpoint this statement has a rather limited 
validity. The alpha particle is actually the first closed shell that can 
be built from neutrons and protons. It contains two neutrons with 
opposite spins and likewise two protons, and its position as the first 
closed shell explains its great stability. Light nuclei may' be considered 
as buUt from alpha particles, but this is valid only in the same sense in 
which a solid crystal may be considered as being built up from molecules. 
Such a picture is significant only as long as the binding energy within 
the molecule is great compared to the binding between different mol- 
ecules. It is true that in light nuclei the binding energy within an alpha 
particle is somewhat greater than the energy binding the alpha particles 
together, but the difference of these energies does not justify far-reaching 
conclusions. 

Actually the particular stability of the elements to Ca^® can be 
equally easily summarized by postulating as has been done previously 
that nuclei with equal and even numbers of neutrons and protons are 
more stable. The alpha-particle picture may be considered as a par- 
ticular illustration of a system in which this more general postulate is 
fulfilled. 

It is, however, significant that among light nuclei very httle and some- 
times no binding energy is gained if a neutron or proton is added to one 
of the pure alpha-particle nuclei. On the other hand, a particularly 
great amount of binding energy is obtained if a particle is added to a 
nucleus and an alpha particle is thereby completed. Thus, the last 
neutron in is but lightly bound, and He^ is not at all capable of 
binding a further neutron and forming He^. On the other hand, a great 
amount of energy is liberated if Li^ or captures a proton. The most 
direct and simple explanation of this phenomenon is given by the alpha- 
particle model, though other explanations are possible. 

In heavier nuclei the energies liberated on attaching neutrons or pro- 
tons do not show such marked fluctuations. On the average one fourth 
of the binding energy of an alpha particle is hberated when a proton or 
neutron is attached to a nucleus, giving thus a binding energy of about 
8,000,000 volts for either. For the heaviest nuclei this figure is reduced: 
the protons are less strongly bound because of the coulomb repulsion, 
and the neutrons are also held less tightly because their excessive num- 
ber forces the least strongly bound neutrons into higher orbits. 

12.11 ALPHA RADIOACTIVITY By tearing out an alpha particle 
from the nucleus, the short-range forces that hold the protons and neu- 
trons together are not greatly decreased, since it is a closed ‘^molecule’’ 
that left the nucleus. The long-range coulomb potentials are, however, 
greatly changed by removal of the twice-charged alpha particle, par- 
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ticularly if the charge of the nucleus is high. Thus emission of an alpha 
particle is an exothermic reaction for the highly charged nuclei. Such 
nuclei actually show alpha activity. Emission of a proton or neutron 
is always endothermic on account of the strong potentials that hold the 
nucleus together. 

The alpha disintegration is similar to the beta decay in that it shows 
a definite lifetime and also in that this lifetime though varying greatly 
from nucleus to nucleus is extremely long compared to the short period 
of 10““^^ sec. with which particles within the nucleus move. 

The long life of alpha-active elements has been explained by the 
quantum-mechanical tunnel effect. If an alpha particle is being sep- 
arated from a nucleus, the first effect is an increase of potential energy 
due to the action of the short-range nuclear forces. When the distance 
of the alpha particle from the nucleus is increased, a decrease of poten- 
tial energy follows because of the coulomb repulsion. The repulsion 
eventually overcompensates the initial attraction and makes the reac- 
tion exothermic. Thus the alpha particle must penetrate a potential 
barrier in order to leave the nucleus. According to classical theory this 
would be impossible. 

When discussing the wave function of one electron in the field of two 
distant protons (Chapter 7), we have seen that the wave function pene- 
trates the region between the two protons into which, according to 
classical mechanics, the electron cannot enter. We also have seen that 
the penetration probability decreases exponentially with the distance 
between the two protons. If the electron originally is placed near one 
of the protons, it does get over to the other proton, but the time re- 
quired for the penetration of the intervening barrier increases exponen- 
tially with the distance between the two protons. In a similar way the 
alpha particle can get through the barrier and leave the nucleus, but 
the time needed to do so increases exponentially with the thickness and 
also with the height of the barrier. In first very rough approximation, 
the time of disintegration is given by the Gamow formula 

/ sttVz ri^\ 

tdeoay = ^0 exp. ^ — yjZ —j 12.11(1) 

Here to is the nuclear time unit, about 10“^^ sec., v is the velocity of the 
alpha particle leaving the nucleus, and Z is the charge of the residual 
nucleus. The radius of the nucleus is ro, and is a length associated 
with the alpha particle. Its value is 
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where M is the mass of the alpha particle. It is to be noted that has 
no connection with the radius of the alpha particle. This formula does 
not take into account the details of the way in which the alpha particle 
separates from the nucleus. Apart from the nuclear time unit /q, it 
includes only the penetration factor. The first term in the exponent of 
this factor gives, in rough approximation, the effect of the coulomb 
repulsion, if it is assumed that the alpha particle starts out from r = 0. 
The second term takes into account that the alpha particle when be- 
ginning to penetrate the barrier is on the surface of the nucleus and so 
is already the distance Tq away from the center. 

The detailed formula in spite of its rough nature explains qualitatively 
in a satisfactory manner the relation between the decay energy and the 
lifetime of alpha activities (Geiger-Nuttal relation). The decay 
energy appears as the kinetic energy of the alpha particle and is there- 
fore related to the velocity v, appearing in the penetration factor, by the 
formula E = The validity of the expression which is based on 

the tunnel effect is shown by the fact that it remains in reasonably good 
agreement with the experimental lifetimes of radioactive elements when 
the latter vary from about 10^^ years (thorium, uranium) to 10’*^ sec. 
(radium C')* This variation is caused by a corresponding increase of 
the disintegration energy from 4,000,000 to a little less than 8,000,000 
electron volts. 

12.12 NUCLEAR FISSION Uranium may disintegrate spontane- 
ously by emitting alpha particles and also by splitting into two approxi- 
mately equal fragments. We have already referred to the latter process. 
It is designated as fission. 

Spontaneous fission of uranium is a much less probable process than 
alpha decay. This is due to the fact that in the alpha disintegration 
only the relatively small mass of an alpha particle need pass through a 
potential barrier, whereas in a spontaneous fission process practically all 
of the nuclear matter must participate in the tunnel effect. Fission be- 
comes a much more probable process when the nucleus is given an acti- 
vation energy of a few million volts. Then the initial distortion can 
proceed without a tunnel effect. 

The distortion which leads to fission is a stretching of the nucleus into 
the shape of an elongated ellipsoid. This distortion is favored by the 
coulomb forces, but it is opposed by a force which is analogous to surface 
tension. During the initial displacement this second stabilizing force is 
the more powerful one. But, after a certain elongation has been at- 
tained, the effect of the electrostatic repulsion becomes predominant, 
the nucleus is stretched at an accelerated rate, and it breaks into twe 
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fission fragments which separate, carrying an energy of nearly 2 X 10® 
volts. 

The great energy release in the fission process is not the most impor- 
tant feature of this phenomenon. It is more important to note that 
the fission fragments also carry considerable amounts of internal energy 
as a result of which they emit several neutrons as a sequel to the fission. 
These neutrons may enter further fissionable nuclei. Thus a chain reac- 
tion starts which makes it possible to utilize the energy of nuclei on a 
macroscopic scale. 

As we have noted before, the ratio of neutrons to protons in uranium 
is considerably greater than in lighter elements. When fission separates 
uranium into two fragments of smaller mass number, these fragments 
still have the high neutron-to-proton ratio characteristic . of uranium. 
Thus the fission fragments must undergo several consecutive beta-decay 
processes to adjust their neutron-proton ratio to the value which for 
their mass number corresponds to a maximum binding energy. These 
beta decays have been observed. Many new beta-active substances have 
been discovered in this manner. 

12.13 ALPHA-PARTICLE REACTIONS The alpha and beta 
decays are analogous to unimolecular reactions. In the last two dec- 
ades ‘^bimolecular'' nuclear reactions have been studied to an increasing 
extent. The chief difficulty with this type of reaction is that all nuclear 
particles save the neutron are positively charged and do not undergo 
transformations unless brought to within a nuclear radius of each other. 
To obtain a nuclear reaction we must either start from particles of very 
high kinetic energy which are capable of overcoming the coulomb repul- 
sion, or else neutrons must be used. The latter particles, however, were 
themselves produced by some sort of nuclear reaction, and in the last 
analysis we are therefore always reduced to the necessity of using high 
energies to initiate a nuclear reaction. Only the chain reaction opened 
up the way to copious neutron sources and to abundant nuclear reactions. 

The first nuclear reactions have been studied by using the high-energy 
alpha particles emitted by alpha-radioactive elements. As has been 
said in discussing the Rutherford scattering (section 12.1), such alpha 
particles can approach lighter nuclei to within a nuclear radius, and it 
has been found that collisions of alpha particles with light nuclei do 
produce nuclear transformations. Thus nitrogen bombarded with 
alpha particles emits protons according to the reaction : 

He^ + + 0^^ 12.13(1) 

This finding was all the more remarkable since at the time it was made 
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no other evidence of an 0^^ isotope was available. Later evidence of a 
stable 0^^ isotope was found in the spectrum of O 2 . 

The bombardment of beryllium with alpha particles led to the dis- 
covery of neutrons which were formed according to the reaction: 

Be^ + He^ 12.13(2) 

Whenever a steady fast-neutron source of not too high intensity is 
required, it is still one of the best procedures to bring beryllium under 
the action of an alpha emitter. 

12.14 ARTIFICIAL SOURCES Great impetus was given to re- 
search in nuclear reactions by the various devices which made it possi- 
ble to accelerate strongly charged particles and to give them kinetic 
energies which often exceed the energies of natural radioactive products. 
Many different kinds of such apparatus have been developed. The first 
operates by throwing several ordinary high-voltage apparatus for a short 
period in series (Cockroft machine). The second is a simple enlarge- 
ment both in scale and in voltage of the ordinary electrostatic generator 
(Van de Graaff generator). The third, the cyclotron, involves the fol- 
lowing ingenious trick. Charged particles moving in a magnetic field in 
a plane perpendicular to the field have a rotational period which is 
independent of the velocity of the particles. If these charged particles 
are now subjected to an electric field which is perpendicular to the mag- 
netic field and which oscillates in phase with the motion of the charged 
particles in the magnetic field, the electric field will accelerate the 
charged particles during their whole motion. Through this resonance 
effect the same electric field acts repeatedly and finall 3 ^ speeds up the 
charged particles to a high velocity. More modern variations of the 
cyclotron permit an adjustment of the oscillating electric frequency 
during the acceleration of the particles. This permits acceleration of 
the particles to much higher velocities. A similar apparatus is the 
synchrotron in which the magnetic field, rather than the frequency, is 
adjusted. In a machine now under construction called the linear accel- 
erator the electric field is forced to travel along wdth the particles, and 
thus high energies are reached without the establishing at any time of 
a great potential difference in the apparatus. Finally the betatron 
utilizes the circular electric field produced by a varying magnetic flux. 
The strongest and most extended sources of neutrons are now obtained 
from the controlled chain-reacting systems called piles. 

The chief advantages of artificially produced particles over the 
natural sources is that they can be obtained in much greater quantities, 
they can reach higher energies, and these energies can be regulated 
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The natural sources, on the other hand, possess the advantage of the 
maximum possible steadiness. The Cockroft machine is perhaps the 
least difficult to construct, but the existing machines of this type give 
particles of only a few hundred thousand volts. The van de Graaff gen- 
erator is capable of giving a few million volts and has the advantage 
that its voltage can be easily varied and measured. The cyclotron has 
been developed technically to a higher degree and gives high voltages 
and great particle currents. In this apparatus heavy particles can be 
accelerated to several hundred million volts. The same can be done to 
electrons by betatrons. There is definite expectation that machines 
now under construction, such as the linear accelerator, will give parti- 
cles beyond the 10^ volt limit. If such particles are used, nuclei and 
their constituents are likely to react in novel ways which at the present 
time have been studied insufficiently in cosmic-ray observations. 

The great intensities given by the energy-producing piles permit the 
use of arrangements which give fine beams of neutrons, so that we can 
now start to explore neutron optics. The extremely great amounts of 
neutrons available in these structures make it possible to produce new 
isotopes and new elements in macroscopic quantities. 

Even the atomic bomb could be used as an instantaneous source of 
neutrons, beta rays, and gamma rays. The extremely great intensity 
of this source and its short time of action would permit a number of 
experiments which are more difficult if conventional apparatus is used. 


12.15 PENETRATION FACTOR IN NUCLEAR REACTIONS 
Nuclear reactions can be produced by accelerated particles of energies 
much smaller than those necessary, according to classical mechanics, to 
bring two nuclei into actual contact. According to quantum mechanics, 
such contact can be established by the tunnel effect, and once contact is 
established there may be a considerable probability of an exothermic 
reaction. The probability of sufficiently close contact can be approxi- 
mately described by a collision cross section equal to 
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The first factor contains the cle Broglie wavelength X characteristic of 
the collision which is equal to h divided by the momentum of the rela- 
tive motion of the two colliding particles. The cross section X^ is often 
much greater than the geometrical cross section of the nuclei. The 
actual collision cross section, however, will be much smaller than the 
geometrical nuclear cross section owing to the exponential penetration 
factor. The fact that the actual cross section is proportional to the wave- 
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mechanical magnitude rather than to a classical geometrical cross 
section is due to the essentially wave-theoretical character of the tunnel 
effect. The actual cross section must be proportional to a quantity 
characteristic of the state of incipient penetration, and, when the pene- 
tration starts, the particle cannot ‘‘know^^ yet to what radius it has to 
intrude until it meets the other nucleus. 

The penetration factor is similar to the exponential factor appearing 
in the alpha-decay formula. Zi and Z 2 are the charges of the colliding 
nuclei, v is their relative velocity, m their reduced mass (which for rather 
different masses is practically equal to the smaller mass), and ro is the 
distance at which the two nuclei begin to undergo an internal rearrange- 
ment. The formula as has been said is rather rough, and its validity is 
restricted to small penetration probabilities. In particular, it becomes 
invalid if it yields cross sections greater than the geometrical nuclear 
cross section. If the energy of the colliding particles becomes sufficiently 
large to surmount the coulomb repulsion, the reaction cross section will 
be given in order of magnitude by the geometrical cross section of the 
nucleus. The penetration formula for nuclear reactions has been tested 
in many cases by observing the dependence of the yield on the bombard- 
ing energy, and the formula has been found in good qualitative agree- 
ment with experiment. 

12.16 REACTIONS WITH ACCELERATED PARTICLES The 
reactions which can be performed most easily (that is at lowest voltage) 
with artificially accelerated particles are reactions involving the lightest 
nuclei and therefore the smallest charges. In fact, nuclear reactions in 
deuteron-deuteron collisions can be observed, even if the impinging 
deuterons have only a kinetic energy of about 10,000 volts. If heavy 
water is bombarded with such deuterons, only very few of the bombard- 
ing particles will come close enough to the deuteron nuclei in the target 
to produce nuclear reactions. Those which do can produce one of the 
two reactions, ^^2 ^ jq 2 

12.16(1) 

H2 + 

Both these reactions are exothermic by a few million volts, and the 
particles produced even if small in number are easily observed over the 
background of the slower bombarding particles. 

Another reaction which proceeds at rather low bombarding energies is 

+ Li^ -> He^ + He^ 12.16(2) 

This reaction was the first one to be observed by using accelerated 
particles. 
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With more strongly accelerated particles it is possible to obtain reac- 
tions among protons, deuterons, and alpha particles on the one hand 
and heavier elements on the other. Heavier nuclei could also be used as 
bombarding particles, particularly if the corresponding atoms were 
accelerated in a high state of ionization. In this way a sufficiently great 
energy could be imparted to the heavy nucleus. 

For the deuterons there exists a special mechanism of reaction by 
which nuclear transformations can occur, even if the deuteron does not 
have enough energy to penetrate the coulomb barrier with a sufficiently 
high probability. This mechanism is made possible by the rather small 
binding energy of the deuteron, the dissociation of which into a neutron 
and a proton requires only 2 X 10^ volts. It may therefore happen that 
the deuteron does not penetrate all the way to the surface of the other 
nucleus, but before crossing the region of strongest repulsion it disso- 
ciates into a proton and a neutron. On the last part of the way to the 
other nucleus, the neutron may travel alone unopposed by electric 
forces. The net effect is that a deuteron enters, a proton leaves, and 
there remains the originally bombarded nucleus plus a neutron. 


12.17 NUCLEAR RESONANCE, THE COMPOUND NUCLEUS 
It has been mentioned that, when Li^ is bombarded with protons, the 
reaction complex breaks up into two alpha particles. These particles 
carry away with them the rather high reaction energy of 16,000,000 
volts. If the bombarding energy of the protons is around 440 kv., we 
find in addition to the fast alpha particles numerous alpha particles of 
much smaller energy. It seems that there is a possibility of forming a 
reaction complex which because of some selection rule cannot break up 
into alpha particles immediately but must first go over into some other 
state by emitting gamma rays in doing so. The alpha particles even- 
tually obtained have an energy that is diminished by the amount car- 
ried away by the gamma rays. 

This phenomenon has been observed in a rather restricted energy 
region of bombarding particles. If the proton energy deviates by more 
than a few thousand volts from the optimum value, the effect disappears. 
Actually the yield is proportional to 


1 
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12.17(1) 


Here E is the energy of the bombarding particles, Eo is the optimum or 
resonance energy and AE can be called the breadth of the resonance. 
In fact, the yield decreases rapidly when the difference between bom- 
barding and resonance energies becomes greater than AE, The formula 
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is analogous to the dispersion formula in optics, Eq corresponding to 
an absorption frequency, E to the incident frequency, and ^E finds its 
counterpart in the breadth of the spectral line. The analogy is not 
purely formal; in order to explain what happens in spectra near an 
absorption line we must consider an excited state of the atom, and the 
breadth of the spectral line corresponds to the lifetime of the excited 
state; a broad line indicates a brief life. In a similar way nuclear res- 
onance is explained by a more or less stable intermediate state called 
the compound nucleus (it is compounded of the reaction partners). The 
time is connected, according to the uncertainty principle, with 

the energy breadth of the resonance and is the lifetime of the compound 
nucleus. The compound nucleus may decay either by going back into 
the original reacting partners or into other reaction products, or, finally, 
by emitting gamma radiation. 

Resonance phenomena are not at all uncommon in nuclear reactions. 
Only when the reaction complex can break up into some reaction 
products within the short time 10^^^ sec. appropriate for nuclear re- 
arrangements of the simplest kind, does the resonance breadth AE be- 
come great enough (approximately 10^ volts) to wipe out any apparent 
selectivity in energies. Then the reaction is better described by a 
straightforward rearrangement than by a more or less unstable inter- 
mediate compound. There are several reasons why nuclear reactions 
may take times long compared to 10”^^ sec. and may thus necessitate 
the introduction of an intermediate compound. The transformation of 
the compound nucleus into the resulting product may involve penetra- 
tions through potential barriers. Or the transformation may be im- 
probable by itself such as the emission of gamma rays which as a gen- 
eral rule takes times upward from 100,000 times longer than 10“^^ sec. 
Or the disintegration may involve violation of a selection rule. Finally 
the disintegration may require rearrangement of many particles or re- 
distribution of energies which may take, relatively speaking, as long a 
time as the untangling of one of the more familiar mechanical puzzles 
by mere shaking. Here as there, it is necessary that the constituents 
should occupy rather narrowly defined positions before decomposition 
can take place. 

12.18 PRODUCTION OF NEUTRONS Neutrons can be produced 
in a great variety of ways. The general procedure is to bombard ap- 
propriate nuclei with protons, deuterons, or alpha particles. If in the 
ensuing nuclear reactions charged fragments are produced in addition 
to neutrons, the former can be eliminated by the use of any kind of 
absorbing material. The neutrons penetrate this material with prac- 
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tically no loss in intensity. Although it is a little more difficult to 
separate the neutrons from gamma rays, this separation is possible, be- 
cause gamma rays primarily interact with electrons and neutrons inter- 
act with nuclei. Thus heavy elements such as lead which contain many 
electrons and relatively few nuclei will stop gamma rays more effectively 
than neutrons. 

Among the reactions which can produce neutrons, we may mention 
H2 + h 2 He^ + n^ 

Be^ -f He^ -> 12.18(1) 

Li^ + -> Be^ + n' 

The first of these reactions proceeds at the lowest voltage since only 
singly charged nuclei are involved. It also gives neutrons of a well- 
defined although not too high energy, the reaction being exothermic by 
3.18 X 10^ volts. If the deuterons are accelerated in a high-voltage 
van de Graaff machine, the energy of the neutrons can be conveniently 
increased within certain limits by increasing the energy of the impinging 
deuterons. 

The beryllium-plus-alpha-particle reaction has the advantage that it 
can be applied if only naturally radioactive sources are available. One 
reason for using natural radioactive sources is that the output of neu- 
trons is free from the variations which always result when artificial 
sources are employed. The alpha-particle-plus-beryllium reaction gives 
high-energy neutrons, the fastest of which have energies in the neigh- 
borhood of 10^ volts, but the neutrons obtained are not homogeneous 
in energy. 

The Li^ + reaction is endothermic by 1.7 X 10® volts. The reac- 
tion can be used to produce neutrons of definite energies around and 
below 10® volts. For energies higher than 2,000,000 volts neutrons 
obtained from the deuteron-deuteron reaction may be used instead. 

Another way to obtain neutrons is by photodissociation. If a gamma 
ray of sufficiently high energy is absorbed by a nucleus, a neutron may 
be emitted in a way similar to the ejection of an electron from an atom 
by ultraviolet radiations. Such photoneutrons can be obtained from 
any substance but particularly easily from nuclei like deuteron or 
beryllium which contain a rather loosely bound neutron. In the case 
of the deuteron nucleus, the energy of the photoneutron is always ho- 
mogeneous when monochromatic radiation is used. The photoprocess 
may be produced by natural gamma rays or by gamma rays emitted by 
the fast electrons of a betatron. The natural-gamma-plus-beryllium 
source has the advantage over the alpha-particle-plus-beryllium process 
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that the radioactive substance need not be mixed with the neutron 
emitter. 

Recently neutrons of about 10^ volts have been obtained by collisions 
of very fast (2 X 10^ volts) deuterons with nuclei. When such a deu- 
teron passes near another nucleus, the deuteron is exposed to the rapidly 
varying field of the nucleus. The neutron continues its flight with 
approximately the same velocity it had when it was inside the deuteron. 

Finally neutrons may be obtained from the fission process. These 
neutrons do not have so high or so sharply defined energies as those 
which we can get from some other processes. If, in particular, neutrons 
are obtained from energy-producing piles, these neutrons usually collide 
with nuclei of the pile material and thus emerge vdth modified energy. 
Piles are, however, by far the most copious sources of neutrons. 

In the preceding discussion some attention was paid to the energy 
and particularly to the homogeneous or inhomogeneous nature of the 
neutrons produced. Homogeneity is often more essential in neutron 
sources than in sources of charged particles, because, if charged particles 
are inhomogeneous, we always can select a homogeneous group by deflec- 
tion in a magnetic or electric field; for neutrons this is impracticable. 

The neutrons discussed so far are usually termed fast neutrons. If 
a neutron collides elastically with a nucleus, some of its energy is con- 
verted into kinetic energy of that nucleus, and the converted fraction 
will be considerable if the mass of the collision partner is not great com- 
pared to the mass of the neutron. Collisions with protons are most 
effective. After collision with a proton, the energy is shared on the 
average equally between the two collision partners. In this way about 
20 collisions are sufficient to slow down the fast neutrons to thermal 
velocities. The thermal or slow neutrons react often rather differently 
from the fast neutrons. They are the only known particles which can 
enter into nuclear reactions even though their energy is small. The 
reason, of course, is that they are not repelled by the nuclei. The same 
would hold for electrons too but the only known reaction involving 
electrons and nuclei is the beta process which has an exceedingly small 
probability. Of course, stable nuclei do not react with slow electrons 
at all. They are constantly surrounded by such electrons, and, if they 
could react with them, they would not be stable. 

Although neutrons can be slowed down very efficiently in hydrogen- 
containing substances, they are also absorbed in such media. After an 
average of 140 collisions with protons, a neutron will unite with the 
proton to form a deuteron nucleus, and the binding energy of 2.2 X 10® 
volts is 'emitted in the form of gamma radiation. This is the reverse 
of the photoneutron process previously discussed. 
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If neutrons are slowed down in paraffin, we actually obtain a mixture 
of fast and slow neutrons. This is due to the relatively rapid capture of 
slow neutrons by the protons and to the fact that the mean free path of 
slow neutrons in a hydrogenous material is considerably smaller than 
the mean free path of fast neutrons. Thus slow neutrons disappear 
within a rather short distance from the position where they attained 
thermal velocities, and neutrons of medium and high energies are there- 
fore admixed with the slow neutrons. 

The separation of fast and slow neutrons can be carried out more 
easily in other substances, for instance, graphite. Though more col- 
lisions with carbon nuclei are needed to slow the neutrons down to 
thermal energies, yet graphite has two decisive advantages. One is 
that slow neutrons are less readily captured by carbon than by hydro- 
gen. The other is that the mean free path of the slow neutrons in 
graphite is not much shorter than the mean free path of the fast neu- 
trons. It is, therefore, possible to separate in graphite the slow neutrons 
from the fast neutrons by a simple diffusion process. 

It is of interest that we can obtain slow neutrons of sharply defined 
energies. This can be done in three different ways. One is to pass 
neutrons through rotating absorbers. Arrangements can be con- 
structed which will allow only neutrons of certain velocities to pass. 
This method is based on the same principle on which the mechanical 
velocity selectors operate which have been used to prove the Maxwell 
velocity distribution in gases. The applicability of this method to 
neutrons depends on the existence of substances which absorb slow 
neutrons very efficiently. 

The second method of producing slow monoenergetic neutrons is to 
derive these neutrons from a sharp pulse of fast neutrons and to observe 
the slow neutrons at a somewhat removed position after a given short 
delay. One produces the pulse of fast neutrons by allowing an acceler- 
ating equipment to operate for a very short interval. In the immediate 
neighborhood of the accelerating equipment the neutrons are slowed 
down by a paraffin block. The slow neutrons are then observed at a 
distance of several yards. The time of flight of the neutrons determines 
their velocity and energy. 

Finally monoenergetic neutrons may be obtained by reflection from 
crystals. Reflections will occur only at definite angles, the Bragg 
angles of the neutrons so reflected have a definite de Broglie wavelength. 
In this way we obtain neutrons of sharply defined momenta and 
kinetic energies. This method is entirely similar to the production 
of monochromatic X rays by crystal reflection. Not only can we 
get in this manner neutrons of a given energy, but we can, con* 
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versely, use slow neutrons in exploring the properties and the struc- 
ture of crystals. 

12.19 FAST-NEUTRON REACTIONS When a fast neutron col- 
lides with a nucleus the ensuing reactions are in a general way similar 
to the reactions produced by other nuclear collisions. The only practi- 
cal difference is that collisions with heavy nuclei are more easily pro- 
duced with neutrons than with charged particles. 

As an example we will consider the bombardment of zinc by fast neu- 
trons which results in the attachment of the neutrons to the zinc and 
the emission of a proton. One obtains in this way a copper nucleus 
which is isobaric with the original zinc nucleus. The copper nucleus 
then can revert into the original zinc nucleus by beta emission, a process 
which takes a long enough time * to be observed after the neutron 
bombardment has been stopped. Processes of this kind can occur for 
any one of the several zinc isotopes so that a number of radioactive 
copper nuclei can be expected. These will have different decay periods, 
and indeed several beta periods have been observed (2.8 hr. and 5 min.). 

Another fast-neutron reaction of the same type is 

S32 + 12.19(1) 

The resultant phosphorus nucleus is again beta-active and has the 
rather long period of two weeks. This makes it a convenient indicator 
in chemical or biological experiments. 

A fast neutron can knock out an alpha particle from a nucleus. This 
happens, for instance, in the reaction, 

Ne^o + n^ -> + He^ 12.19(2) 

In this case the products are stable nuclei, and the reaction is studied 
by observing the alpha particles emitted immediately rather than by 
finding the electrons emitted later. 

If the neutron possesses a sufficiently high energy (about 8 X 10® 
volts), it may knock out a neutron from a nucleus without being itself 
attached. This happens for instance with antimony which under fast- 
neutron bombardment gives rise to a positron-emitting element with a 
period of 15.4 min. It seems that in the reaction a neutron is detached 
from Sb^^^ giving Sb^^®, and the latter nucleus emits a positron and 
transforms into the stable nucleus Sn^^®. 

Examples of fast-neutron reactions of the types previously described 
could be very greatly extended. These reactions are in general endo- 
thermic and do not proceed if slow neutrons are used. The most typical 


* has a half life of 12.8 hr. 
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exothermic reactions will be discussed under slow neutrons. Of course, 
each of the endothermic reactions will require a certain amount of en- 
ergy, and so some of them may not be observed if neutrons are produced 
by Li^ + collisions using not too fast protons, whereas the neutron 
reaction proceeds readily if He^ + Be® collisions are used as a neutron 
source. Because of the ease with wliich heavy nuclei react with neu- 
trons, these reactions together with the slow-neutron reactions were the 
first to yield new beta-active elements in great numbers. Owing to the 
development of energy-producing piles and other artificial sources, the 
number of isotopes synthesized by man exceeds the number of nuclei 
occurring in nature. 

12.20 RADIATIVE CAPTURE, SLOW-NEUTRON REAC- 
TIONS There is one nuclear transformation that may proceed, how- 
ever small the energy of the neutron. The neutron may attach itself to 
the nucleus, and the binding energy may be emitted in the form of 
gamma radiation. This process occurs for fast neutrons and protons as 
well. Thus, when C^^ is bombarded by protons having sufficient energy 
to penetrate a coulomb barrier, the proton may be captured with for- 
mation of the nucleus N^^. This nucleus is a positron emitter of the 
period 10 min. For neutrons, similar processes are very frequent and per- 
sist when the neutrons are slowed down. In this way for instance so- 
dium, potassium, chlorine, bromine, iodine, phosphorus, arsenic, and very 
many other elements can be converted into radioactive isotopes. These 
can be used often as indicators in biological and chemical experiments. 

The radioactive elements so produced all have an excess of neutrons 
and therefore transform by electron emission into elements having fewer 
neutrons and more protons. Neutron capture can proceed of course 
without being followed by radioactive disintegration. For instance Cd 
absorbs thermal neutrons very strongly and does not get radioactive. 

The absorption of slow neutrons by various materials seems at first 
glance to follow rather complicated laws. For instance, silver absorbs 
slow neutrons apparently strongly since a thin sheet of silver placed in 
a neutron beam becomes very active while activity decreases rapidly in 
further sheets of silver placed behind the previous sheets. At the same 
time activity can be induced in iodine by neutrons which have passed 
through silver almost as easily as by neutrons that have not done so. 
But the effectiveness of neutrons on iodine is greatly reduced by previous 
filtration through iodine. It follows that different kinds of neutrons 
must be responsible for the activation of silver and of iodine. 

Actually, practically all elements capture slow neutrons only within 
small energy ranges of the breadth of about 1/10 electron volt. The 
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neutrons specifically affecting silver and iodine differ in their energy, the 
energy of the former being a few electron volts, that of the latter about 
100 electron volts. Within the narrow energy range in which neutrons 
can be absorbed, the effective cross section for absorption is often sur- 
prisingly high and becomes sometimes 10,000 times greater than the 
geometrical cross section of the nucleus. This can be explained only by 
remembering that the neutrons as well as all other particles have wave 
properties. When the energy is appropriate for absorption, resonance 
phenomena occur, and absorption cross sections in these regions may be 
as great as the square of the neutron wavelength. For slow neutrons 
the neutron momentum is small, and, according to the de Broglie rela- 
tion, the wavelength is great. This introduces the possibility of great 
cross sections. For fast neutrons the cross section could not become so 
great even though resonance occurs sometimes at higher energies as 
well. 

The slow-neutron resonances just mentioned indicate the presence of 
compound nuclei possessing a rather long life, that is about 10“^^ sec. 
Indeed a shorter lifetime r of the compound nucleus would result ac- 
cording to the uncertainty relation. 


AEt^- 


2t 


12 . 20 ( 1 ) 


in a greater breadth AE of the energy of the compound nucleus. It is 
not surprising to find a long life whenever strong radiative capture is 
observed. Radiation is a slow process and could stabilize the nucleus 
only in very few cases if the neutron had a chance to escape within a 
time comparable to nuclear time units, 10“^^ sec. Only if the compound 
nucleus has a life about a million times longer, does it become probable 
that energy loss by radiation occurs before the neutron has a chance to 
escape. 

The reason why the neutron stays in the nucleus for such long times 
can be understood by considering the energies involved. The binding 
energy of a neutron to a nucleus is approximately 8 X 10^ volts. The 
energy of a slow neutron outside a nucleus is a few volts in the later 
stages of the slowing down process and of a volt for the final stage 
of thermal energies. Therefore the neutron is very strongly accelerated 
when it enters the nucleus, and additional kinetic energy is distributed 
among the numerous particles within the nucleus. If the only chance 
for a nuclear disintegration is re-emission of the neutron, the lifetime 
may be very long indeed, because one will have to wait until by chance 
practically all the large binding energy is concentrated on a neutron 
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near the surface enabling that neutron to escape. The process is very 
similar to the addition reaction of two big molecules where the reaction 
product though possessing sufficient energy to disintegrate still does 
stay together for a long time because the energy of dissociation is dis- 
persed among the many degrees of freedom in the molecule. Such mol- 
ecules may wait a long time for a stabiUzing collision because it is un- 
likely that the required energy should be concentrated on one bond 
which is to be broken. In a similar manner the compound nucleus ob- 
tained by neutron addition can spend a long time waiting for emission 
of a gamma ray because concentration of all energy on one neutron is 
very improbable. 

It is practically hopeless to understand quantitatively why the res- 
onance energies for slow neutrons have particular values for various 
elements. These resonance energies lie several million volts above the 
ground state of the compound nucleus, and a relatively small change in 
total energy may cause the resonance level to be much closer to or much 
farther from the particular energy at which a neutron is just able to 
escape from the compound nucleus. 

Although the radiative capture of slow neutrons occurs in various 
resonance regions for various elements, all elements show a general 
tendency to absorb slower neutrons more strongly. The simple reason 
for this tendency is that a slower neutron spends a longer time near any 
particular nucleus. Thus all elements capture neutrons at very low 
energies, the capture cross section in this region being inversely propor- 


tional to V, the velocity of the neutron 


(ilaw). 


There are some in- 


stances in which neutron capture is promptly followed by highly prob- 
able nuclear disintegrations. This is, for instance, the case in the 


reaction : 


Bio + ni Li^ + He^ 


12 . 20 ( 2 ) 


The lifetime of the compound nucleus is here so short that any trace of 
resonance is wiped out, and the neutron-capture cross section obeys the 

- law up to rather high neutron energies. 

Some nuclear species can undergo fission if bombarded by slow neu- 
trons. This is the case for the light isotope of uranium, This 

property of makes this nucleus particularly suitable as a nuclear 
energy source. The isotope can also be used as a sensitive neutron 
detector. 


12.21 NUCLEAR ISOMERS It sometimes happens, as, for in- 
stance, in the case of the bombardment of indium by neutrons, that a 
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greater number of periods are observed than can be explained by dif- 
ferent radioactive nuclei. It is then necessary to assign two periods 
to two different states of the same nucleus. This is possible only if one 
of these states is excited and has a lifetime long enough to be measured. 
Excited nuclear states of long life are called nuclear isomers. It requires 
careful analysis to decide whether a nuclear isomer is present, and, if so, 
which of the periods belongs to the excited state. 

All nuclear isomers may transform into the ground state of the nucleus 
either by gamma-ray emission or by transferring their energy to an 
electron in the atomic shell and consequently ejecting this electron. 
The last process is called internal conversion and is observed frequently 
in isomers and also in excited nuclear states of shorter lives which are 
not called isomers. 

It is also possible for the nuclear isomer to suffer a beta decay before 
a transition to the ground state occurs. From the mere presence of two 
beta-decay periods, it is not possible to conclude whether the isomer' 
and the ground state disintegrate independently with two different 
periods or whether the ground state is the only one whose beta decay is 
observed and the second period is due to a gamma transition from the 
isomer to the ground state followed by a beta decay of the latter state. 
A decision between these two possibilities can be made by stud 3 dng the 
presence and properties of gamma rays or by investigating the energies 
of the beta rays. 

For all practical purposes isomers can be considered as additional 
nuclear species. Thus their number must be added to that of the active 
bodies produced in nuclear collisions. 

12.22 CHEMICAL CHANGES DURING NUCLEAR REACTIONS 
Artificially produced radioactive nuclei are becoming increasingly im- 
portant as indicators in biology, chemistry, and physics. The usefulness 
of a substance as an indicator may be greatly influenced by the concen- 
tration in which it is available. If a radioactive element is produced 
from another atomic species such as the formation of from S^^, then 
the radioactive element can be separated chemically from the mother 
substance. Chemical separation increases greatly the concentration 
of activity. Often the amount of present after bombardment is so 
small that a trace of ordinary phosphorus must be added as a carrier 
for the separation to be effective. 

If, on the other hand, a radioactive body is produced from its own 
isotope by neutron capture, concentration of the radioactive element 
might seem more difficult. Such concentration becomes possible if dur- 
ing the neutron capture the activated nucleus is knocked out from its 
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original chemical surroundings. The radioactive species is then present 
in a chemical form different from the unaffected atoms and can there- 
fore be separated by appropriate treatment. 

The effect just discussed may be undesirable if a complicated molecule 
is being bombarded with the object of making it active without destroy- 
ing it. Sometimes the chemical synthesis of a molecule cannot be car- 
ried out, and the only alternative to the direct activation of the molecule 
is introducing the radioactive matter into the plant or animal body and 
producing the desired active molecule ^ ^biologically. This procedure is 
possible only for isotopes of sufficiently long life, and even in the most 
favorable cases it involves considerable dilution of the activity. In view 
of these facts, it is of interest to find out whether the activated atom can 
be expected to stay in its original place in the molecule or whether it is 
more likely to be knocked out. Of course, even if the atom is knocked 
out from its original position, it still has a chance to replace another 
atom of the same kind. However, there are often many possibilities of 
forming other compounds as soon as an atom is liberated, and these 
possibilities may increase greatly when the atom is knocked out with a 
high velocity and if it has left a certain number of its original electrons 
behind. 

Whenever a reaction is produced by fast particles, that is, by alpha 
particles, deuterons, protons, or fast neutrons, the reacting nucleus 
will with practical certainty be ejected from its surroundings. How- 
ever, in most cases where a radioactive nucleus is produced from its 
stable isotope, the process consists in capturing a slow neutron. As a 
general rule, this slow neutron does not carry sufficient momentum to 
break the atomic bonds. Molecular breakup may occur, nevertheless, 
as a consequence of the emission of energy which follows neutron cap- 
ture. This can happen in two ways: (1) High-energy gamma radiation 
may be emitted, the momentum of which is sufficient to hurl the atom 
out by the recoil. (2) Internal conversion may take place, the mol- 
ecule may lose an electron, and the new electronic configuration might 
give rise to repulsion between atoms which have been previously chem- 
ically bonded. 

Among the internal-conversion processes, ejection of a if electron is 
most likely. An atom with an electron missing from the K shell will act 
on a neighboring atom as though it carried one more nuclear charge, and 
the nucleus of the neighboring atom will be repelled. This repulsion 
may be sufficient to break the bond. It is also possible that a bonding 
electron will drop down and fill the hole in the K shell, and, since now 
there is one bonding electron less, dissociation may ensue. 
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A simple estimate would indicate that direct recoil is always sufficient 
to eject the atom from its molecular surroundings, provided that the 
capture energy of the neutron, which is several million volts, is carried 
away by a single gamma ray. Then the recoil momentum is sufiicient 
to impart even to the heaviest atoms more than their binding energy. 
The recoil energy of lighter nuclei would be even greater. But it is 
probable that the binding energy of the neutron will be emitted in sev- 
eral gamma rays rather than in one step. It is unlikely that, with so 
many intermediate states available, direct transition into the lowest 
nuclear state should take place. The first gamma ray to be emitted is 
likely to lead to one of the extremely great number of excited nuclear 
levels. During the usual time required for gamma radiation, 10~^^ sec., 
the nucleus remains in the neighborhood of its original position and will 
finally be affected only by the vector sum of momenta obtained in the 
individual recoils. As a general rule, there is at least a partial cancella- 
tion of these momenta, and, depending on the number of quanta emitted,’ 
there will be a higher or a lower probability for the nucleus to remain in 
its original surroundings. Great numbers of gamma rays and great 
nuclear mass are factors favoring such retention. Even in relatively 
unfavorable cases, it may be worth while to separate chemically the 
small fraction of radioactive atoms which remains in the original chem- 
ical combination from the radioactive atoms which have been knocked 
out from their positions. The radioactive atoms retained in their 
original positions will be of particular interest if the chemical compound 
in question is difficult or impossible to synthesize. 

12.23 NUCLEAR FORCES In conclusion, we shall summarize our 
present knowledge concerning the forces which are responsible for the 
stability of nuclei. More properly, we should talk about our lack of 
knowledge. Yet a few general features are clear, and a few hypotheses 
are plausible. These we shall mention in the following paragraphs. 

There exists at present no satisfactory theory which explains nuclear 
forces in terms of other known forces such as electromagnetic or gravita- 
tional forces. Our experience concerning nuclear forces is derived from 
simple experiments with nuclear particles, such as scattering of neu- 
trons or protons by protons. In addition, valuable information is ob- 
tained from the properties of the simplest nucleus containing more than 
one particle: the deuteron. Some further conclusions may be drawn 
from the properties of complex nuclei. But in these the mathematical 
difficulties of an exact analysis are great, and we cannot expect that 
study of heavy nuclei will suffice to give us a clear-cut picture of nuclear 
forces. 
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From the previous evidence the following conclusions have been 
obtained. Nuclear forces seem to have an extremely short range of 
3 X 10”"^^ cm. or perhaps less. It is even doubtful if the concept of 
length retains its usual significance when such small dimensions are 
considered. Within their range the nuclear forces are much more effec- 
tive ('^lOO times more effective) than electrostatic forces. At least 
over a part of their range nuclear forces act as an attraction. This is 
shown by the fact that neutrons and protons are bound into stable 
nuclei. 

Apart from the electrostatic repulsion of the proton, we find that the 
interactions between two protons, between two neutrons, and between 
a proton-neutron pair are the same. But, although the nuclear forces 
do not seem to depend on the charges of the particles, they do depend 
on the spins. The exact form and nature of this spin dependence is 
unknown. 

Nuclear forces show a peculiar effect of saturation. Crowding of too 
many neutrons or protons into too small a space does not seem to lower 
the potential energy. Some theories of nuclear forces actually postulate 
that neutrons and protons attract each other strongly only if they 
occupy the same orbit. 

Many of the hypotheses concerning the origin of nuclear forces have 
one common element. The existence of nuclear forces is assumed to be 
in close connection with the emission and absorption of a certain parti- 
cle, the meson. Several kinds of mesons have been observed in cosmic 
rays. Recently artificial production of mesons by 4 X 10^-volt alpha 
particles has been demonstrated. Their emission and absorption by 
protons and neutrons may be related to nuclear forces in a way similar 
to the relation of the emission and absorption of light quanta to the 
electric forces acting within atoms. 

Study of meson emission by nuclei requires particles of very high 
energies. This is one of the main incentives for constructing high- 
voltage equipment capable of giving particles which carry energies of 
more than 10® or even 10^ volts. These particles will also have exceed- 
ingly high momenta and short de Broglie wavelengths. Short wave- 
lengths are necessary if the detailed behavior of nuclear forces is to be 
explored. 
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13.1 COMPOSITION AND APPEARANCE OF STARS Accord- 
ing to spectroscopic evidence, practically all elements are found in the 
stars, and there is no reason to assume that the surfaces of the stars 
have a composition greatly differing from each other or from that of the 
earth. Of course, different spectral lines appear with greatly varying 
intensities in different stars, but this may be explained by the different 
temperatures and densities on the surfaces of different stars. Some 
stars indeed show indications of a chemical composition differing from 
others, but on the whole the stars can be considered as rather alike in 
chemical composition. 

In striking contrast to these statements is the great variety of physical 
conditions and appearances of stars. The majority of the known stars, 
the so-called main-sequence stars, have average densities not differing 
greatly from the density of water. Their surface temperatures and 
luminosities, however, differ widely, the most brilliant ones emitting more 
than 1000 times the sun^s radiation as contrasted with the faintest ones 
radiating only ycTo intensity shows a definite cor- 

relation with the stellar mass; heavier stars emit much more radiation 
than light stars. The most luminous and heaviest stars have a very hot 
surface and a white or even bluish color. They are called the blue giants. 
The faintest stars have cooler surfaces and emit mostly red light and 
are called red dwarfs. The sun is a star of the main sequence and lies 
approximately in the middle of the main sequence. 

If finer subdivisions are disregarded, there exist two other kinds of 
stars in addition to the main-sequence stars. First, we have the red 
giants with a luminosity greatly exceeding that of the sun. Their masses 
are about the same as the masses of the main-sequence stars having a 
comparable luminosity, but they differ from the main-sequence stars by 
emitting their radiation from a much greater and rather cooler surface, 
and therefore they appear red. Their mean density is often very low; 
a density of 10“^ g. per cubic centimeter is not uncommon. Second, a 
group of very faint stars called white dwarfs is known whose mass is 
about equal to or smaller than the sun^s mass. Their faintness is due 
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to their relatively small surface, but the surface temperature is rather 
high, and so they emit much radiation per unit surface. For this reason 
they appear white and are called white dwarfs. Their striking feature 
is their extremely high density exceeding in some cases 100,000 g. per 
cubic centimeter. 

13.2 INTERIOR OF THE STARS Nothing is known by direct 
evidence about the interior of the stars, but the high average density of 
the white dwarfs shows that at least in these stars matter must exist in 
a state very different from that ordinarily observed. 

Indirect evidence about the interior of the stars can be obtained by 
assuming that known physical laws operate inside the stars and by cal- 
culating what conditions in the interior will produce the known effects 
on the surface. Even though the conditions in the interior are far 
beyond conditions obtainable in the laboratory, the application of 
physical laws to this region is not so uncertain as it would appear. The 
main deviations from ordinary conditions are that the temperature 
always greatly exceeds those experimentally realizable and that densi- 
ties are in some cases extremely high. Both these conditions tend to 
impart, as we shall see presently, high kinetic energies to electrons so 
that their orbits will not be influenced by the coulomb forces so strongly 
as the orbits of the outermost electrons in atoms or molecules. But it 
is just the complicated nature of these outermost orbits which makes 
the physical properties of chemical compounds so difficult to calculate. 
The great electronic velocities within the stars disrupt any chemical 
combination in the ordinary sense, and the equation of state and other 
characteristics of the resulting state of matter are relatively easy to 
treat. 

The great temperatures just mentioned have to be assumed for the 
interior of the stars in order to produce a sufficient flow of energy from 
the interior to the surface. Such energy flow is necessary if it is assumed 
that the greatest part of the energy emitted by the stars is produced in 
a region not close to the surface. Since no physical process can be 
reasonably assumed which will localize the energy production on the 
surface, an energy flow from the interior must indeed occur. The most 
efficient method of energy transport at the temperatures involved is by 
radiation, but even this requires a high-temperature gradient for a suffi- 
cient energy flow. This leads to temperatures for the interior which are 
measured in millions of degrees. As we shall see, it is probable that in 
at least a great number of cases the energy is produced near the center 
of the star. If we integrate the equation of state and the equation for 
energy transport within a star with a central energy source, we obtain 
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about 2 X 10^° C. for the central temperature in the main sequence 
and about 5 X 10®° for the red giants. The actual figures vary of course 
from star to star and depend to some extent on the detailed assumptions 
about stellar composition. At these high temperatures the kinetic 
energies of the electrons are such that all elements are almost com- 
pletely ionized, and matter can be considered as a gas consisting of free 
electrons and nuclei. At high temperatures the picture is somewhat 
complicated by the influence of radiation pressure which at the highest 
temperatures outstrips the gas pressure. This radiation pressure can be 
visualized by the inclusion of light quanta among the particles of the gas. 

According to the direct evidence of great densities, the volume avail- 
able for one atom within a white dwarf is much smaller than the usual 
atomic volume. We have seen in discussing the repulsive van der Waals 
forces that one important reason why repulsion results if two closed 
shells are pushed too close to each other is that, as a result of operation 
of the Pauli principle, some electrons are shifted into states of higher 
momentum and higher kinetic energy. Indeed, if the probable distance 
of two neighboring electrons is denoted by Ar and the difference of prob- 
able momentum by Ap, the two electronic orbits become indistinguish- 
able, according to the uncertainty principle when Ar Ap becomes smaller 
than h/2Tr, If, therefore, the electron density increases and the average 
distance between electrons becomes small, electrons can continue to be 
in different orbits only if the differences of their momenta increase as 
h/2Tr divided by their distance. 

The high densities in white dwarfs make it necessary that the elec- 
trons have very high average momenta and that the kinetic energies 
greatly exceed the usual energies of ionization. Though in this condi- 
tion the electrons are constantly closer to some nucleus than they 
usually are within atoms, yet owing to the high velocities their path is 
not greatly affected by coulomb forces, and the electrons may for many 
purposes be considered as free. The kinetic energy also exceeds the 
thermal energy corresponding to the calculated temperatures of the 
interior of the white dwarfs, even though these temperatures may be as 
high as or perhaps higher than those obtained for the main-sequence 
stars. Under these conditions the behavior of electrons within a white 
dwarf is similar to the behavior of electrons in metals. The electron gas 
is degenerate in the sense that practically all low electron orbits are filled, 
and temperature is insufficient to lift an appreciable fraction of the elec- 
trons to still higher orbits than required by the Pauli principle. There- 
fore, up to a certain kinetic energy practically all electron levels are 
filled, and practically all higher electron levels are empty. In such de- 
generate electron gas, the energy flow proceeds rather easily, since most 
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transitions of the electrons are barred by the Pauli principle, and there- 
fore the electrons are not effective in dissipating the energy flow whether 
this energy be carried by other electrons or by radiation. In fact, cal- 
culations about the interior of the white dwarfs show that the tempera- 
ture throughout the interior is fairly constant owing to the high thermal 
conductivity. Whatever temperature difference exists between the 
approximately 10,000° surface and the undoubtedly much hotter inte- 
rior must take place in the skin of the star. Detailed calculations have 
shown that temperature changes are small except in the outer 3 per cent 
of the radius. 

The cause of the great difference between the white dwarfs and the 
less dense stars is this: In a normal star the two main forces balancing 
each other are the thermal pressure and the gravitational attraction. 
In a white dwarf the gravitational forces are much greater owing to the 
greater density. This gravitational force is balanced by the pressure of 
the high-velocity electrons in the degenerate gas, and temperature plays 
a very minor role in this equilibrium; thus from the point of view of 
stellar equilibrium a white dwarf may be called a “cold’^ star. 

An interesting corollary of this picture is the absence of white dwarfs 
with masses greatly exceeding the mass of the sun. In normal stars the 
gravitation of greater masses may be balanced by higher temperatures. 
In white dwarfs the pressure of the degenerate electrons depends on the 
density of the electrons alone. For each mass and chemical composition 
of a white dwarf a definite equilibrium radius is prescribed, and this 
radius will be the smaller, the greater the mass is. Only through the 
greater density corresponding to this smaller radius can the greater 
gravitation be balanced. It is interesting to note in this connection 
that the greatest radius a ^^cold'^ star can have is about the radius of 
Jupiter. If more mass were piled on Jupiter, the shrinkage due to in- 
creasing pressure inside would exceed the increase of volume due to the 
additional mass. At a critical mass which depends somewhat on the 
composition but does not exceed greatly the mass of the sun, the equi- 
librium radius of a cold star goes to zero. It is entirely open to conjec- 
ture what would happen to one of the heavy stars if in the course of 
time it could get rid of its energy and contract. But at any rate the 
absence of heavy white dwarfs is in agreement with theory. 

Ultimately the difference between white dwarfs and normal stars 
must be a difference in energy production. The normal stars produce at 
comparatively low densities enough heat to balance the gravitational 
pressure, whereas in the white dwarfs in spite of the higher density the 
degenerate gas pressure rather than the temperature stabilizes the star. 
We shall now proceed to discuss the energy production in stars. 



INSTABILITY IN STARS 


346 


rior the temperature of which is more than a thousand times higher. 
We also have seen that the energy-producing mechanism in the stars is 
an essentially explosive one: its rate increases rapidly with increasing 
temperature. It is conceivable that the analogue of a heat explosion 
can take place in a star. If the temperature rises, the energy produc- 
tion is greatly increased; this in turn produces a rise in temperature, and 
an explosion occurs unless expansion, adiabatic cooling, and dissipation 
of energy interrupt the cumulative process. 

Actually strong changes in stellar luminosities are commonly ob- 
served phenomena. There are typical variable stars which change their 
luminosity by a considerable fraction in a regular periodic way. The 
period may be as short as a few hours or as long as a few months, accord- 
ing to the size of the star, the larger stars having slower periods. There 
are also some stars, the novae, which flare up within a short time to an 
enormous brilliancy of perhaps 100,000 times their usual value and fad^ 
away again in the period of about a year. Still others, the supemovae, 
increase their light to thousands of million times that of an ordinary 
star and fade then like the novae do. 

As already indicated, there is no scarcity of reasons why a star under- 
goes large changes in luminosity. If anything is surprising, it is that no 
explosions occurred in the sun for the last 500,000,000 years, for which 
period we know of life on earth, or even for the last 2,000,000,000 years, 
which is the approximate age of the oldest rocks. Calculations have 
shown, of course, that, despite the possibility of a nuclear heat explo- 
sion, the sun should be stable with regard to heat explosions if its energy 
is produced near the center. The reason for this in greatly simplified 
language is that, even if a small explosion should get under w^ay, it 
would be promptly stopped by adiabatic expansion, merely giving rise 
to a slight disturbance being propagated towards the outside of the sun, 
and this disturbance Avould be dissipated before it could give rise to 
further effects. But the fact remains that stars are composed of explo- 
sive material which might actually cause periodic small explosions as in 
the variable star or single immense flares as in the novae, if the condi- 
tions are appropriate. To mention only two of such possible conditions, 
the energy production may take place close to the surface, and the 
possible explosion waves may be damped less efficiently than in the sun, 
or ^^combustible” nuclei may be transported by convection into a hot 
region and cause the explosion. 

But novae may be explained even without utilizing processes analo- 
gous to a chemical explosion. It is quite sufficient for the explanation 
of ordinary novae to assume that, through the operation of hydrody- 
namics within the star, the hot interior gets exposed; in fact, stellar 



346 


STATE OF MATTER IN STARS 


statistics show that the average star may have been a nova several times 
in its long life of a few thousand million years. But more drastic ex- 
planations are needed to explain the much rarer and much more spec- 
tacular phenomena of supernovae. One might think of great thermo- 
nuclear explosions or perhaps of stellar collapse in which great amounts 
of gravitational energy are liberated by producing matter much denser 
even than that observed in the white dwarfs. But it is too soon to say 
which of these explanations should be used or whether there are still 
further reasons for stellar vibrations and explosions. 

13.5 THE EXPANDING UNIVERSE Our knowledge of the dis- 
tribution of matter in space is increasing. We know that our sun is one 
of many stars which are spaced at a few light-years from each other. 
There are altogether a few thousand million stars spaced at such dis- 
tances which occupy a region in space almost 1000 light-years across 
and extending for over 10,000 light-years in two other directions. When 
looking along the most extended direction of this region, we see on the 
night sky the white haze of the Milky Way which is made up of these 
extremely numerous stars most of them too far away to be seen indi- 
vidually by the naked eye. 

In the Milky Way system stars move very much like atoms in an ideal 
gas, in fact, a very ideal gas. Stellar distances and sizes are such that 
collisions are all but excluded, and stars move in the concerted gravita- 
tional field of the other stars; this concerted gravitational field keeps 
the system together. By very distant collisions small exchanges of 
kinetic energy between stars occur which occasionally give the star 
enough energy to escape. The lenslike shape of the system is appar- 
ently due to rotation. The interstellar space within the Milky Way is 
empty except for some dust and extremely dilute gases. Condensation 
of such matter might give rise to formation of new stars. The total 
amount of interstellar matter within the galaxy is not known, but its 
mass cannot exceed very greatly the total amount of matter in visible 
stars. Beyond the galactic system, both stars and other forms of mat- 
ter thin out. At a very much greater distance of about 1,000,000 light- 
years, we find another galaxy which appears as a milky haze and in 
which even the most powerful telescope can distinguish only the bright- 
est stars individually. This is the Andromeda nebula. Further galactic 
systems are found at distances of a few million light-years apart, each 
of them consisting of a few thousand million stars. Some of them are 
spherical, others elongated, still others have spiraling arms. Our own 
system is probably of the last type, though being inside it we know less 
about its shape than about the shape of neighboring nebulae. The 
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nebulae are interspersed fairly uniformly in space although clusters do 
appear. The nebulae do not become sparser even at the greatest dis- 
tances where they can be observed with the equipment available at 
present. The farthest observable nebulae are about 400,000,000 light- 
years away and appear even in the greatest reflectors as faint disks of 
luminosity. Their light reaching us at present has left them at about 
the time when the oldest-known fossils populated the earth. But, ac- 
cording to the theory of relativity, simultaneity over such great dis- 
tances does not have much significance. 

The distant galaxies have been observed to recede from us. Evidence 
for their recession is obtained from their spectra. Their lines are the 
familiar lines of the elements but they are shifted towards the red which 
appears to be due to the Doppler effect. A proportionality is found 
between this velocity and the distance of the nebulae from us. The 
farthest nebulae move with about one-fifth the velocity of light. This 
creates the impression in the observer that he is at rest at the center of 
an expanding universe. In reality the only conclusion one is justified 
in drawing is that we are within a system all dimensions of which are 
uniformly increasing with time. This explains proportionality between 
distance and observed velocities, and the question which part of the 
system is at rest is completely idle. Extrapolating back in time we 
find that about 2 X 10^ years ago all nebulae were very much nearer to 
each other than they are now. It is interesting to note that the ob- 
served age of the earth has the same order of magnitude as the time at 
which all galaxies happened to be close, if indeed they did not actually 
form a single dense stellar system. 

13.6 ORIGIN OF ELEMENTS Since the energy radiated by the 
stars is due to nuclear transformations, the hope may seem to be jus- 
tified that atomic transformations within the stars explain the abun- 
dance with which elements occur. However, transformations which 
seem to go on at present within the stars affect only the lighter elements 
up to oxygen, and even for these lighter elements the reactions, as 
postulated for the stars, fail to give the proper distribution. In fact, it 
has been mentioned that at the present stage elements between helium 
and carbon can be present only in quite negligible amounts in the inte- 
rior of the sun. Though these elements are not very abundant on the 
earth, they would be hardly obtainable at all if they were derived from 
matter such as is postulated at present in the center of the sun. 

It is entirely possible that the elements have originated in some state 
of matter in which nuclear reactions go on even more readily than in 
the interior of the more common stars. It may be that even at present 
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some stars contain cores with temperatures and densities exceeding the 
highest that have been discussed in the previous sections. Again un- 
usually efficient transformations of matter may occur during some 
stellar explosions. At any rate, the present distribution of elements 
might give us some indication about the conditions which produced that 
distribution. Actually it is difficult to determine the distribution of ele- 
ments at present. The earth’s crust is a poor sample for at least two 
reasons: (1) The gravity of the earth is insufficient to hold hydrogen and 
most probably helium, and therefore these two elements, which we be- 
lieve were originally very abundant, have escaped to a great extent. 
(2) Abundant elements and combinations such as iron and magnesium 
oxides and silicates have condensed and later at least partly solidified 
in the interior of the earth. The elements and combinations which are 
not soluble or do not form solid solutions with the great masses forming 
the earth’s interior got crowded out and seem to form now a slag which 
we know as the earth’s crust. Thus the abundance of the elements in 
the earth’s crust is misleading in that it gives improperly high weights 
to comparatively rare elements. 

A more representative distribution of elements may be guessed at by 
considering other sources of information. Such a source is found in the 
study of meteorites which probably originate from broken-up planets 
and whose composition gives information about the interiors of the 
planets. Stellar atmospheres, the composition of which is derived 
from the spectra, is another valuable means of obtaining the distribu- 
tion of elements. Finally, gross considerations of matter in planets and 
stars give further help. Thus we can conclude from the average density 
and moment of inertia of the earth that its inner half is composed mainly 
of iron. Similarly we find for the heavy planets (Jupiter, Neptune) that 
they are thickly covered by light materials such as hydrogen or possibly 
helium, and it has already been mentioned that, according to considera- 
tions of the equation of state, hydrogen is a very abundant element in 
the interior of stars. Table 13.6(1) gives an estimated distribution of 
elements in which the factors mentioned above have been taken into 
account. 

We have more exact information about the distribution of isotopes 
than we have about the distribution of elements. In fact, the relative 
abundance of isotopes is very greatly independent of the source of 
material as should indeed be expected considering the similarity of their 
behavior. Table 13.6(2) contains these data. The ratio of abundances 
of hydrogen and deuterium and probably He^ and He^ may have been 
considerably affected by their different rates of escape from the earth’s 
gravitational field. The present abundance of A^^ is almost certainly 
due to decay from But otherwise we have no strong reason to 



ORIGIN OF ELEMENTS 


349 


TABLE 13.6(1) 

Estimated Distribution of the Elements 


Atoms per 10,000 Atoms of Si 


z 

Element 

Abundance 

Z 

Element 

Abundance 

1 

H 

1.25 X 10* 

44 

Ru 

0.15 

2 

He 

2.78 X 10’ 

45 

Rh 

0.057 

3 

Li 

1 

46 

Pd 

0.12 

4 

Be 

0.2 

47 

Ag 

0.043 

5 

B 

0.2 

48 

Cd 

0.10 

6 

C 

30,000 

49 

In 

0.011 

7 

N 

80,000 

50 

Sn 

0.96 

8 

0 

160,000 

51 

• Sb 

0.021 

9 

F 

10 

52 

Te 

? 

10 

Ne 

10,000 

53 

I 

0.021 

11 

Na 

462 

54 

Xe 

? 

12 

Mg 

8,870 

55 

Cs 

0.010 

13 

A1 

882 

56 

Ba 

0.25 

14 

Si 

10,000 

57 

La 

0.021 

15 

P 

170 

58 

Ce 

0.023 

16 

s 

3,300 

59 

Pr 

0.0096 

17 

Cl 

250 

60 

Nd 

0.033 

18 

A 

190 

61 

Unstable 


19 

K 

69.3 

62 

Sm 

0.012 

20 

Ca 

670 

63 

Eu 

0.0028 

21 

Sc 

0.18 

64 

Gd 

0.017 

22 

Ti 

26.0 

65 

Tb 

0.0052 

23 

V 

3 

66 

Uy 

0.02 

24 

Cr 

93 

67 

Ho 

0.0057 

25 

Mn 

81 

68 

Er 

0.016 

26 

Fe 

26,200 

69 

Tm 

0.0029 

27 

Co 

157 

70 

Yb 

0.015 

28 

Ni 

2,130 

71 

Lu 

0.0048 

29 

Cu 

6.9 

72 

Hf 

0.007 

30 

Zn 

2.6 

73 

Ta 

0.0032 

31 

Ga 

0.54 

74 

W 

0.19 

32 

Ge 

0.39 

75 

Re 

6.8 X 10“®(?) 

33 

As 

0.73 

76 

Os 

0.057 

34 

Se 

0.026 

77 

Ir 

0.022 

35 

Br 

0.042 

78 

Pt 

0.14 

36 

Kr 

? 

79 

Au 

0.016 

37 

Rb 

0.068 

80 

Hg 

? 

38 

Sr 

0.13 

81 

Tl 

? 

39 

Y 

0.097 

82 

Pb 

0.43 

40 

Zr 

1.42 

83 

Bi 

0.0037 

41 

Cb 

0.010 

90 

Th 

0.011 

42 

Mo 

0.28 

92 

U 

0.0027 

43 

Tc 

Unstable 





The abundances of some of the elements given here are known only very crudely. 
Most of the data are of recent work and compilation by Dr. Harrison Brown, based 
largely on earlier work by V. M. Goldschmidt, A. Unsold, and others. 
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TABLE 13.6(2) 
Distribution op Isotopes 


Nuclear 

Charge 


Abundance, 
Mole % 


Nuclear 

Charge 


Abundance, 
Mole % 


99.98 

0.02 

^ 10-4 

^100 

7.3 

92.7 

100 

18.83 

81.17 
98.9 

1.1 

99.62 

0.38 

99.757 

0.039 

0.204 

100 

90.00 
0.27 
9.73 

100 

78.41 

10.18 

11.41 
100 

92.27 

4.63 

3.05 

100 

95.1 
0.74 
4.2 
0.016 

75.4 

24.6 

0.307 

0.061 

99.632 

93.38 

0.012 

6.61 


96.92 

0.64 

0.132 

2.13 

0.0032 

0.179 

100 

7.95 

7.75 

73.45 

5.61 

5.34 

100 

4.31 

83.75 
9.55 
2.38 

100 

5.81 

91.66 

2.20 

0.33 

100 

67.76 
26.16 

1.25 

3.66 

1.16 

68.94 

31.06 

50.9 

27.3 

3.9 

17.4 
0.5 
61.2 
38.8 
21.2 
27.3 

7.9 
37.1 
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TABLE 13S{2).— {Continued) 
Distribution of Isotopes 


Nuclear 

Charge 

Atom 

Abundance, 

Mole% 

Nuclear 

Charge 

Atom 

Abundance, 
Mole % 

32 

Ge’« 

6.5 

44 

Ru'®* 

16.98 

33 

As''® 

100 


Ru»»® 

31.34 

34 


0.87 


RuiM 

18.27 


Se’« 

. 9.02 

45 

Rh'®® 

100 


Se'' 

7.58 

46 

Pd'®® 

0.8 


So'« 

23.52 


pdl®4 

12.25 


Se»> 

49.82 


pdl06 

22.2 


Se82 

9.19 


Pd’®® 

30.7 

35 

Br’» 

50.53 


Pd’®® 

26.7 


BrSi 

49.47 


Pd”® 

7.35 

36 

KrW 

0.35 

47 

Ag’®v 

51.35 


KfSO 

2.01 


Ag’®® 

48.65 


Kr82 

11.53 

48 

Cd’®® 

1.22 


Kr*® 

11.53 


Cd’®® 

0.98 


Kr84 

57.11 


Cd”« 

12.35 


Kr®® 

17.47 


Cd’” 

12.76 

37 

Rb«® 

72.8 


Cd”'® 

24.00 


Rb*' 

27.2 


Cd”® 

12.30 

38 

Sr^ 

0.55 


Cd’” 

28.75 


Sr«® 

9.75 


Cd’’® 

7.63 


Sr®' 

6.96 

49 

In”® 

4.23 


Sr®» 

82.74 


In”® 

95.77 

39 

yM 

100 

50 

Sn”® 

0.90 

40 

ZrW 

51,51 


Sn”^ 

0.61 


Zr®‘ 

11,27 


Sn”® 

0.35 


Zrsa 

17,14 


Sn”® 

14.07 


ZrM 

17.30 


Sn’” 

7.54 


Zr96 

2.78 


Sn”® 

23.98 

41 

Cb*» 

100 


Sn”® 

8.62 

42 

Mo9“ 

15.86 


Sn’®» 

33.03 


Mo»^ 

9.12 


Sn’®® 

4.78 


Mo®® 

15.70 


Sn’®* 

6.11 


Mo®“ 

16.50 

51 

Sb’®’ 

57.25 


Mo®’' 

9.45 


Sb’®® 

42.75 


Mo®* 

23.75 

52 

Te’®® 

0.091 


Mo'«® 

9.62 


Te’®® 

2.49 

43 

Tc 

Unstable 


Te’®® 

0.89 

44 

Ru®® 

5.68 


Te’®* 

4.63 


Ru®* 

2.22 


Te’®® 

7.01 


Ru®® 

12.81 


Te’®® 

18.72 


Ru*®« 

12.70 


Te’®® 

31.72 
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TABLE {Continued) 

Distribution op Isotopes 


Nuclear 

Charge 

Atom 

Abundance, 

Mole 

Nuclear 

Charge 

Atom 

Abundance, 
Mole % 

% 

52 

Tei30 

34.46 

63 

Eu163 

50.9 

53 

Jl27 

100 

64 

(3dl62 

0.2 

54 


0.094 


Gdi^ 

1.5 


Xe'2« 

0.088 


Gd‘“ 

18.4 


Xe>28 

1.90 


Gdi5« . 

19.9 


Xei2» 

26.23 


Gd'” 

18.9 


Xe'30 

4.07 


Gd‘®» 

20.9 


Xei3i 

21.17 


Gdiso 

20.2 


Xe'32 

26.96 

65 

Tbl69 

100 


Xe'^^ 

10.54 

66 

33yl58 

>0.1 


Xei36 

8.95 


J3yl60 

0.1 

55 

Cs^33 

100 


Dy^^i 

21.1 

56 

Bawo 

O.lOl 


Dy^62 

26.6 


Ba»2 

0.097 


Dyl63 

24.8 


BaW4 

2.42 



27.3 


Bai35 

6.59 

67 


100 


Ba«» 

7.81 

68 

Er“2 

0.1 



11.32 


Erie-* 

1.5 


BaW* 

71.66 


Eri66 

32.9 

57 

La«9 

100 


Efisv 

24.4 

58 

CeW« 

<1 


Er'«» 

26.9 


Ce«8 

<1 


EE’® 

14.2 


CeM" 

89 

69 

Pmi69 

100 



11 

70 


0.06 

59 

PrUi 

100 


Yb”® 

4.21 

60 

Nd‘« 

25.95 


Yb'n 

14.26 


Nd“* 

13.0 


YbHZ 

21.49 


Nd'^ 

22.6 


Yb”* 

17.02 


NdWli 

9.2 


Ybi74 

29.58 


Nd'46 

16.5 


Yb'vs 

13.38 


Ndws 

6.8 

71 

Lu”® 

97.5 


Ndl60 

5.95 


Lu”® 

2.5 

61 

61 

Unstable 

72 

Hfn4 

0.18 

62 

Smi« 

3 


Hfl76 

5.30 


Smi« 

15.2 



18.47 


Sm‘« 

10.8 


Hfns 

27.10 



14.1 


Hf’’® 

13.84 



7.7 


Hfiso 

35.11 


Snii“ 

27.1 

73 

Ta*®i 

100 


SmiM 

22.4 

74 

w*®® 

0.135 

63 


49.1 


^182 

26.41 
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TABLE {Continued) 

Distribution op Isotopes 


Nuclear 

Charge 

Atom 

Abundance, 
Mole % 

Nuclear 

Charge 

Atom 

Abundance, 
Mole % 

74 

■Vyi83 

14.40 

80 

Hg200 

23.3 


^fflU 

30.64 


Hg201 

13.2 


\yi86 

28.41 


jjg202 

29.6 

75 

Rel80-184 

< 10-2 


Hg 2 M 

6.7 



37.07 

81 

^j203 

29.46 


Re* 

< 10-2 


'■pj205 

70.54 


Re^*^ 

62.93 

82 

pb204 

1.37 


r^188-190 

< 10-2 


pb206 

25.15 

76 

Osl84 

0.018 


pb207 

21.11 


Os* 

1.59 


pb208 

52.38 


Os* 

1.64 

83 

Bi209 

100 


Osl88 

13.3 

84 

Po 

Unstable 


Os* 

16.1 

85 

At 

Unstable 


Os* 

26.4 

86 

Rn 

Unstable 


Os* 

41.0 

87 

Fa 

Unstable 

77 

Il,191 

38.5 

88 

Ra 

Unstable 


Jj.193 

61.5 

89 

Ac 

Unstable 

78 

Pt* 

0.8 

90 

Th232 

100 


ptl94 

30.2 

91 

Pa 

Unstable 


p^l96 

35.3 

92 

U234 

0.00518 


Pt* 

26.6 


AcU236 

0.719 


ptI98 

7.2 


p238 

99.274 

79 

Au* 

100 

93 

Np 

Unstable 

80 

Hg* 

0.15 

94 

Pu 

Unstable 


Hgl98 

10.1 

95 

Am 

Unstable 


Hgl99 

17.0 

96 

Cm 

Unstable 


For radioactive elements whose lifetimes are of the order of geological times, the 
natural abundances have been given. Radioactive elements of shorter lifetimes do 
not occur in nature except sometimes in combinations with their mother substances. 
In these cases no abundances have been given, but the notation ‘^unstable” has been 
used. 

assume that the observed ratios differ from the ratios in which the 
elements were produced. 

There are three rough regularities observable in the abundance of 
elements and of isotopes: (1) Nuclei containing an even number of pro- 
tons and an even number of neutrons tend to be more abundant. (2) 
Elements beyond Z « 30 have a small and roughly constant abundance. 
(3) Considering the isotopes of heavy elements, we find that the isotope 
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containing fewest neutrons has often a quite small abundance. The 
first of these regularities is undoubtedly connected with the greater 
stability of nuclei in which an even number of each kind of particle is 
present. The greater stability connected with the presence of even 
numbers of particles is analogous to the fact known in chemistry that 
stable molecules carry, with very few exceptions, an even number of 
electrons. The reason for this rule is, as has been pointed out before, 
the exclusion principle which will permit the presence of no more than 
two particles in any orbit. The third rule, the small abundance of light 
isotopes among the heavy elements, seems to indicate that, at the time 
of formation of the heavy elements, great quantities of neutrons have 
been available in or around the nuclei. 

Two of the most frequently discussed mechanisms for building up 
elements are thermodynamic equilibria at extremely high temperatures 
and progressing nuclear reactions with definite rates which had no time 
to reach equilibrium but did settle down to a steady-state distribution 
of elements and gave rise to definite ratios of nuclear species. Accord- 
ing to both of these explanations it is plausible to expect that more 
stable nuclei will be more abundant, and, if pressures are not too high 
and temperatures not too low (that is, considerably higher than 10^ de- 
grees), the presence of great amounts of hydrogen can be understood. 
The puzzling fact which cannot be explained by any of the foregoing 
considerations is the presence of uranium. Uranium is both energet- 
ically and, except under extremely high pressures, thermodynamically 
unstable. Such extremely high pressures, however, would be in contra- 
diction with great abundance of light elements, particularly hydrogen. 
The building up of uranium in a steady process is also difficult to under- 
stand. Such a building-up process would require nuclear collisions in 
which some of the colliding particles stick and lead to heavier nuclei. 
But, if such collisions are to be effective, we must expect that uranium 
itself will be hit quite frequently, and under the effect of nuclear colli- 
sions uranium suffers fission rather easily. It seems that, in a steady- 
state equilibrium in which nuclei collide and react with each other, 
uranium is much more easily destroyed than produced. 

We may argue that elements are transformed into each other in 
different regions of the universe under different conditions. In some 
equilibria, for instance, enormous pressures stabilize uranium, whereas 
in other regions somewhat lesser pressures allow the formation of hy- 
drogen. Of course, the pressure necessary to stabilize uranium is such 
that even heavier nuclei may be formed. In fact, there is no known 
reason why matter could not form macroscopic aggregates with densi- 
ties equaling that of nuclei. Uranium could then be formed if such dense 
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material should break up. It is interesting to speculate about such a 
superdense state of matter and its possible subdivision into nuclei. 
Here we shall merely state that in this superdense state all electrons 
are probably pressed into the nuclei, transforming the protons into 
neutrons, so that the actual aggregate consists of neutrons only. When- 
ever superdense matter breaks up, beta processes would occur and, 
together with the emission of electrons, protons would be formed within 
the nuclei. 

It would seem reasonable to assume that all of the heavier elements 
have been formed from a superdense state by fission processes. The 
breaking up into drops and the further subdivision could have gone on 
so rapidly as not to allow the formation of any equilibria or steady 
states. It would not be unreasonable to assume that more stably bound 
fragments are more often produced. During such a decomposition fission 
would take place first, evaporation of neutrons might follow, and beta 
decays would occur last. The lightest isotopes are formed if the number 
of evaporated neutrons exceeds the average. These isotopes may thus 
be formed in smaller numbers. The fission of a droplet is, however, such 
a complicated process that, if the picture presented here is correct, we 
might never be able to get a complete explanation of the abundance of 
elements and isotopes. 

It is perhaps interesting to note that a few thousand million years 
ago the universe must have been denser than it is now. If we want to 
hazard a very great extrapolation, we might assume that ‘ ^originally 
all matter was in a superdense state from which the elements have been 
formed by a universal breakup. 

Saxe 8ig to xeXog xrjg dxa^iag auxT] f| 
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Alpha particles, 29^ 316 
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Aluminum phosphide, structure of, 147 
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Anharmonicity, 211 
Anthracene, resonance in, 120 
Antibonding electrons, 85 
Anti-Stokes line, 223 
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Atom, nuclear, 1 
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Atomic models, 235 
Atomic radii, 142 
Atomic spectra, 231 

Band spectra, 254 
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Barn, 298 

Benzene, structure of, 109, 118, 271 

Beryllium, electric conductivity of, 175 

Beryllium hydride, shape of, 95 

Beryllium molecule, Be 2 , stability of, 86 

Beta radioactivity, 305 

Beta rays, 305 

Betatron, 321 

Bjerrum double band, 208 

Binding energies in nuclei, 316 

Birge-Sponer method, 260 

Bismuth, diamagnetic susceptibility of, 


Blue giants, 337 
Bohr magneton, 184 
Boltzmann constant, 47 
Boltzmann law, 47 
Bond, heteropolar, 28 
hydrogen, 115, 137 
triple, 100 

Bonding electrons, 85 

Bonds, conjugated double, 104 

Born-Haber cycle, 140 

Boron molecule, B 2 , binding energy of, 89 

Breakdown, electric, 172 

Brillouin zones, 164, 168, 171, 173 

Caesium chloride, structure of, 141 
Carbon-carbon double bond, 100 
Carbon-carbon triple bond, 103 
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Carbon molecule, C 2 , binding energy of, 
89 

Carbon tetrachloride, vibrations of, 215 
Carbonate ion, resonance in, 114 
Carboxyl group, resonance in, 115 
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Chlorophyll, light absorption and emis- 
sion, 285 

Cobalt chloride ion, Code , shape of. 
143 

Cockroft machine, 321 
Color and resonance, 272-278 
Combination tones, 213 
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Compound nucleus, 324 
Condon, Franck-Condon principle, 255 
Conduction electrons, 170 
Conductivity, electric, 148, 149, 168 
Conjugated double bonds, 104-112 
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122 

Co-ordination schemes, 247-253 
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% 

d state, 12, 232 
D state, 233 
5 state, 246 
A state, 246 

Davisson-Germer experiment, 3 
Debye temperature, 168 
Decay constant, 308 
Deformation vibrations, 210 
Degeneracy, 10, 74, 77 
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Degenerate vibration, 197 
Depolarization factor, 221, 227 
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Diamond, structure of, 146 
Dielectric constant, 48 
Diffraction, electron, 41 
Diffraction, neutron, 42 
Diffraction, X-ray, 41 
Dipole moments, 46, 52-57, 203, 206, 
208, 211 

Dipole radiation, 201, 234 
Dipole structures in solids, 134-137 
Directed valences, 92-94 
Dissociation energies, 89, 90, 257-262 
Double bonds, conjugated, 104-112 
valence orbits, 100-104 
Doublet states, 240 
Dwarfs, red, 337 
white, 337 
Dyes, organic, 273 

Electric breakdown, 172 
Electric conductivity, 168 
Electron, antibonding, 85 
Electron affinities, 29, 139 
Electron diffraction, 41, 42 
Electron holes, 122, 123 


Electron pair, 91, 92 
Electron spin, 34, 35 
Electronic spectra, 231-295 
Electrons, 1, 2 
bonding, 85 
conduction, 170 
of the K shell, 20 
of the L to Q shells, 23-27 
in strong periodic fields, 154-162 
in weak periodic fields, 151-154 
Elementary domains, 188 
Energy, dissociation, 257-261 
Energy production, in stars, 341-344 
Ethylene, vibrations of, 226, 230 
Even state, 233, 247 
Exchange integral, 73 
Excited state, first, 8 
Excited states, higher, 12 
Exciton, 288 

Expanding universe, 346-347 

/ functions, 12 
/ state, 233, 273 
/ value, 273 
Fermi sea, 167 
Ferroelectricity, 188 
Ferromagnetism, 188, 189 
Fine structure, 244 
First excited state, 8 
Fission, 316, 319 
Fluorescence, 223 

Fluorine molecule, F 2 , binding energy, 
88, 122, 123 
Fourier series, 212 
Franck-Condon principle, 255, 270 
Free rotation, 230 
Fundamental state, 7 
Fundamental tone, 212 

Gamow formula, 318 
Geiger-Nuttal relation, 319 
Germer, Davisson-Germer experiment, 
3 

Giants, blue, 337 
red, 337 

Graphite, structure of, 121, 128, 177 
Group theory, 232, 239, 267 
Group velocity, 161 
Group of waves, 161 
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H states, 13-16 

Hall effect, 169, 170 

Harmonic oscillator, 194 

Harmonic vibrations, 205 

Hartree model, 235, 238, 242, 246, 247 

Heitler-London model, 71, 74, 78 

Helium, solid, 174 

Helium ion, He 2 '^, structure and binding 
energy, 85, 86 
Heteropolar bond, 28, 29 
Hume-Rothery rule, 179 
Hund-MuUiken method, 78, 91, 247 
Hund^s case a, 265 
Hund^s case 6, 265 
Hybridization, 96, 97, 145 
Hybridized functions, 94-99 
Hydrogen, metallic, 174 
solid, conductivity of, 173, 174 
Hydrogen atom, 7 
Hydrogen bond, 67, 137 
Hydrogen bridge, 67, 116, 137 
Hydrogen bromide, dipole moment of, 
55 

Hydrogen chloride, dipole moment of, 
54, 55, 201 

Hydrogen iodide, dipole moment of, 55 
Hydrogen ion, hydrated, HaO"^, 113 
Hydrogen molecule, structure of, 74, 75, 
84, 85, 92, 115, 248 

Hydrogen molecule ion, H 2 "^, structure 
of, 80 

Hydroxyl bond, 134, 137 
Hyperfine structure, 233 

Ice, structure of, 134 
Indicators, acid-base, theory of, 277 
Infrared spectra, 193, 200, 205, 216 
Instability of stars, 345 
Insulators, 166, 167, 292 
Internal conversion, 333 
Internal photoeffect, 292 
Interstitial structures, 179-180 
Iodine molecule, size, 134 
Iodine spectrum, 259 
Ion interactions, 68-70 
Ionic complexes, 142-145 
Ionic crystals, 137-142 
Ionization energies, 29 
Isobars, 300 
Isomers, 309, 333 


Isotope effect, 39, 40, 228 
Isotopes, 300 

K shell, electrons of, 20 
Kekul6 formulae, 117-121 
Kekul6 structures, electronic spectra of, 
271 

Keto-enol isomerism, 116 

L-S coupling, 240, 253 
L shell electrons, 23 
Lattice energies of alkaU halides, 139 
Linear accelerator, 321 
Liquids, infrared spectrum of, 216 
Lithium, metallic, structure and conduc- 
tivity of, 174 

Lithium molecule, Li 2 , 86, 87 
London forces, 66 

Low temperatures, magnetism and pro- 
duction of, 187 

Magnetic moment, 183, 184, 300 
of neutrons and protons, 300 
Magnetic properties of matter, 182-192 
Main sequence stars, 337 
Mass number, 299 
Mathematics, use of, 1 
Maxwellian velocity distribution, 208 
Meson, 336 
Metals, 147, 166 
Methane, shape of, 99 
Methyl radical, 97 
Methylene group, 96 
Molecular-orbital method, 76-78, 85, 92, 
104-111 

Molecular rotation, 199-200 
Molecular vibrations, 193 
Moment of inertia, 199, 203, 208, 209 
Multiplicity of states, 240, 242, 253, 266 

Naphthalene, structure of, 110, 111 
Necessary degeneracy, 10, 197 
Neon molecule, Ne 2 , binding energy in, 
88 

Neutrino, 307 
Neutron, 298, 299 
Neutron diffraction, 42 
Neutrons, fast, reaction of, 329 
production of, 325-328 
slow reactions of, 330-333 
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Nickel atom, energy levels of, 24 
Nickel cyanide ion, Ni(CN )4 , shape of, 
144, 145 

Nitrogen molecule, vibration of, 201, 220 
Nitrogen molecule ion, N 2 '^, binding en- 
ergy in, 89 

Nitric oxide, paramagnetism of, 185 
Ny^rite ion, shape of, 144 
Nitrophenol, para-, resonance in, 118 
Nitrosyl chloride, shape of, 144 
Normal vibrations, 194-198, 206, 210, 
213, 218, 229, 270 
Normalization factor, 8 
Novae, 345 
Nuclear atom, 1 
Nuclear fission, 319 
Nuclear forces, 335 
Nuclear isomers, 332 
Nuclear resonance, 324, 325 
Nuclear stability, 312-315 
Nuclear vibrations, 39 
Nuclei, size of, 298 
Nucleus, compound, 325 
Nuttal, Geiger-Nuttal relation, 319 

Odd states, 232, 246 
One-electron spectra, 237 
Optical branches, 218 
Organic dyes, color and resonance, 274- 
278 

Origin of elements, 347 
Ortho-deuterium, 303 
Ortho-helium, 242 
Ortho-hydrogen, 300 
Orthogonality of wave functions, 9-10 
Oscillator, harmonic, 193 
Overtones, 212 

Oxygen, paramagnetism of, 185 
Oxygen molecule, binding in, 88, 102 
Oxygen molecule ion, O 2 , binding energy 
of, 89 

P branch, 207, 208 
p state, 11, 233 
P states, 233 
TT states, 246 
n states, 246 

Palladium, hydrogen in, 179 
Para-deuterium, 303 
Para-helium, 242 


Para-hydrogen, 300 
Para-nitrogen, 304 
Parallel bands, 209, 253, 263, 267 
Parallel transitions, 253 
Paramagnetism, 185, 190-191 
Parity, 232 

Pauli principle, 21, 35, 237, 239, 240, 
242, 300, 304 
Penetration factor, 322 
Periodic system, 22, 315, 316 
Perpendicular bands, 209, 253, 263, 267 
Perylene, resonance in, 111 
4> state, 246 

Phenol, resonance in, 122 
Phonon, 289 
Phosphorescence, 293 
Phosphorus, black, structure of, 129 
Photoconductivity, 171, 292 
Photoeffect, internal, 292 
Photographic process, 171, 172 
Photoneutrons, 326 
Planck^s constant, 2, 3 
Polarizability, anisotropic, 59 
electronic, 57, 58 
and light scattering, 220 
Polarizability ellipsoid, 60, 61 
Polarizability tensor, 60 
Positron, 123, 306 
Predissociation, 278-287 
Probability, 3 
Protons, 299 

Pyrene, resonance in, 110 
Pyroxene minerals, structure of, 130 

Q branch, 209 

Quadrupole radiation, 202, 234 
Quadrupole transitions, 204 
Quantum of charge, 2 
Quantum mechanics, 3, 4 
Quantum theory, 2, 3 

R branch, 207, 208 
Radiative capture, 330 
Radioactivity, beta, 305, 306 
Radiationless transitions, 278-287 
Radicals, stability of, 120, 121 
Raman effect, 220-227 
Raman spectrum, 216, 228 
Rare-earth elements, structure of atoms 
of, 27 
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Rare-earth ions, crystal structure of 
salts of, 269 
paramagnetism of, 186 
Rare-earth salts use in low-temperature 
production, 187 

Rare gases, structure in solid state, 131 
Rayleigh scattering, 222 
Red dwarfs, 337 
Red giants, 337 
Residual valence, 137 
Resonance, 34, 112-122, 272-278, 324, 
325 

in metallic conductors, 176 
Rotation, free, 230 
Rotational spectra, 202 
Rutherford’s model, 1, 2 
Rutherford law, 296 

s function, 8 
<r functions, 87 
s state, 8, 12, 233, 235 
S state, 233 
<T state, 87, 246 
S state, 246 
Scattering of light, 220 
Selection rules, 201-206, 241, 254,266, 270 
Selenium, structure of, 130 
Semiconductors, 171 
Silver iodide, structure of, 147 
Singlet state, 74, 240-242, 249 
Sodium atom, electronic spectrum, 237 
Sodium chloride, infrared spectrum, 219 
lattice energy, 140 
Specific heat, vibrational, 228-230 
Spin, 34, 182, 184, 233, 238-241, 300 
Spin degeneracy, 74 
Stark effect, 243 
Stokes line, 223 

Structure of lighter elements, 22, 23 
Sulfate ion, resonance in, 143 
Sulfite ion, shape of, 144 
Sulfur, structure of, 129 
Superconductivity, 169 
Superconductors, 192 
Supernovae, 346 

Superposition, of time-dependent func- 
tions, 17-19 
of wave functions, 9 
Surface effects, 180 
Synchrotron, 321 


Technetium, 315 

Tellurium, structure of, 130 

Tetrahedral carbon, 99 

Thermal conductivity, 167 

Thomas-Fermi model, 30 

Thorium fission, 316 

Time-dependent wave functions, 16 

Tolman effect, 149 

Transition elements, 30-33 

Triphenylmethyl, 120 

Triple bonds, 103 

Triplet state, 74, 240, 241, 249 

Tunnel effect, 38, 78-80, 82-84, 318, 322 

Uncertainty principle, 4, 5, 161, 331 
Unshared electrons, 93 
Uranium fission, 319 

Valences, directed, 92-94 
Valence, 71 

Valence-orbital method, 91, 92, 95, 96 
Valence vibrations, 210 
Van de Graaf generator, 321 
Van der Waals forces, 63 
Van der Waals repulsion, 72 
Van der Waals solids, 126, 130-134 
Vector-addition rule, 236, 237, 239 
Vibrations, deformation, 209, 210 
harmonic, 205 

normal, 194-198, 206, 210, 213, 218, 
229, 270 
nuclear, 39 

Water molecule, shape of, 94 
Water molecules, attraction between, 
134-135 

Wave function, 3 

Wave functions, time-dependent, 16 

Wave number, 200 

Wave packet, 161 

Wave-particle picture, 4 

White dwarfs, 337 

Work functions, 180, 181 

X-ray diffraction, 41 

Zeeman effect, 243 
Zero line, 264 

Zero point energy, 39, 40, 194 
Zinc sulfide, structure of, 146 






The Structure of Maher is the 
introductory book in the Wiley Struc- 
ture of Matter Series, of which Maria 
Goeppert Mayer is Advisory Editor. 
The book is especially designed to 
show the development of our knowl- 
edge of atomic structure and to 
summarize the results of quantum 
mechanicsf A thorough understand- 
ing of the topics covered will enalfle 
the physicist, physical chemist, or en- 
gineer to use the results of quantum 
mechanics — much as the chemist 
uses the concept of the chemical 
bond — to interpret and understand 
the basic physical and chemical prop- 
erties of matter. 

Beginning with the hydrogen 
atom — the simplest of all atomic 
structures — the authors deal with 
the behavior of matter in its various 
aspects, ending with the state of mat- 
ter in the stars. They explain the be- 
havior of atoms and molecules in 
electric fields; Van der Waals attrac- 
tion; the chemical bond; forces in the 
solid state; the magnetic properties of 
matter; molecular vibrations; elec- 
jtronic spectra; and nuclear chemistry. 

The discussions in The Structure 
of Matter provide a useful introduc- 
tion for the material covered in other 
volumes in the series. 




